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Abstract
Imaging of the lungs using non-ionizing approaches such as hyperpolarized 3He and
129

Xe magnetic resonance imaging (MRI) is a useful tool both for research and clinical

applications. This work focused on development of 129Xe MRI techniques to investigate
inflammation in rat lungs.

A rodent model of inflammation, specifically radiation-

induced lung injury (RILI) was developed using a collimated 60Co source. A quantitative
MRI technique measuring absolute ventilated lung volume (|VLV|) was performed using
129

Xe and 3He. Following a comparison between |VLV| values obtained from rats using

the previously established 3He method and those obtained with
129

129

Xe, the usefulness of

Xe for future investigations of |VLV| in rodent models of inflammation was

demonstrated.

129

Xe dynamic spectroscopy was used to investigate the predicted gas

transfer deficiencies represented by xenon gas transfer time constants (TTr) for

129

Xe

dissolved within tissue (TTr_tissue) and blood (TTr_RBC) in a model of RILI. Increases in
TTr_tissue were measured at two weeks post irradiation together with decreases in the
partial pressure of arterial oxygen (paO2), consistent with the assumption of gas exchange
impairment. Finally, a novel minimally invasive intubation technique was investigated to
support longitudinal studies in rodent models of inflammation. This serves to reduce the
overall numbers of animals used within a given study as well as reduce uncertainty in
measurements due to biological differences in end-point studies. These investigations lay
the groundwork for future reliance on

129

Xe for hyperpolarized imaging studies of the

lung as well as strengthening the methodology for future longitudinal investigations of
inflammation.

Keywords
Foley catheter, hyperpolarized helium-3, hyperpolarized xenon-129, inflammation, lungs,
lung volume, magnetic resonance imaging, radiation-induced lung injury, rats,
ventilation.
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Chapter 1

1

Introduction and Theory
This chapter provides the motivation for the work contained within this thesis.

This chapter is intended to provide enough background information to understand the
general goals of the thesis as well as the background theory for the hyperpolarization
techniques and MRI methods used in this work. An overview of lung physiology, and
common pathologies, as well as various conventional pulmonary function tests are
provided. An overview of lung imaging techniques including advantages and limitations
is also presented. The purpose and organization of the thesis are also provided at the end
of this chapter.

1.1 Motivation
Chronic respiratory disease (CRD), including chronic obstructive pulmonary disease
(COPD), asthma and lung fibrosis, are the fourth largest contributors to mortality
worldwide and are expected to account for one third of all deaths by 2030 (1). Acute
lung injury (ALI), and its more severe form acute respiratory distress syndrome (ARDS)
is currently one of the largest contributors to mortality and morbidity in the intensive care
unit (ICU). Despite extensive research and improvements in supportive care, the
mortality of ALI is approximately 40% (2).

Magnetic resonance imaging (MRI)

following administration of hyperpolarized noble gases (HNG), helium-3 and xenon-129,
hereafter referred to as 3He and

129

Xe, have been shown to be sensitive to changes in the

lung caused by disease (3). Furthermore, HNG-MRI can provide quantitative anatomical
and functional information within the lungs of humans and rodents such as ventilation
and ventilated volume (4,5), apparent diffusion coefficients (6-8) and gas exchange (911), including those from rodent models of emphysema (12), asthma (13), fibrosis (14),
radiation-induced lung injury (RILI) (15), inflammation due to fungal spore exposure
(16) and gastric aspiration (GA) (17). Due to the unpredictable future supplies of 3He,
widespread clinical use has been limited.

129

1

Xe is a more abundant alternative to 3He

which can also cross the blood-gas barrier of the lung yielding information related to gas
exchange. The goal of this thesis was to explore the use of HNG-MRI for assessment of
lung injury, including comparison between the measurement of absolute ventilated lung
volume (|VLV|) using 3He and 129Xe and the assessment of gas exchange impairment via
129

Xe transfer times TTr_tissue and TTr_RBC, related to diffusion of

129

Xe dissolved in the

tissue and red blood cell compartments in a rat model of RILI using

129

Xe dynamic

magnetic resonance (MR) spectroscopy. Furthermore a novel approach for longitudinal
rodent ventilation for use with HNG-MRI is presented.

1.2 Lung Physiology
The primary function of the lung is to facilitate exchange of oxygen and carbon dioxide
gases between the air (external environment) and blood (internal environment) via
roughly 500 million alveoli which reside within the human lung and are surrounded by a
complex network of capillaries necessary for transportation of gases to and from the rest
of the body. A more recent account using stereological techniques, measured the mean
number of alveoli to be approximately 480 million (18). Gas exchange begins with a
breath of air (typically 0.5 L for regular breathing) entering from the mouth or nose
where it enters the lungs via the trachea. The trachea is the first airway in a network of
airway branches connecting the external environment with the internal environment at the
alveolar level. This network consists of a series of twenty three airway generations
beginning at the bronchi and ending at the alveolar sacs as depicted in Fig. 1-1.

2

Figure 1-1: Branching generations of the lung. The generation tree can be split into two groups, the
conductive zone and the respiratory zone. A generation is defined as a bifurcation of an airway (∆Z).
The conductive zone is responsible for gas transport. The respiratory zone is responsible for gas
exchange. Adapted from West (19).

These bronchi and bronchioles comprise the conductive zone ranging between
generations one to sixteen. The conductive zone does not participate in gas exchange.
Branching continues to generation twenty three comprising the aptly named respiratory
zone where gas exchange occurs within the respiratory bronchioles, alveolar ducts and
finally the alveolar sacs. There is a large difference in the diameters of these airways
from generation to generation. The trachea for example, has a diameter between 20-30
mm compared to those of the alveoli with 0.3 mm. Figure 1-2 demonstrates the geometry
of the lung allowing for efficient gas exchange via simple diffusion due to the large
surface area available via the alveolar/capillary network and thin alveolar capillary
barriers (0.3 µm).
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Figure 1-2: Airspace capillary interface. The lung is designed for efficient gas exchange between the
gas space and capillary blood. Gas exchange is characterized by red blood cells (RBC) taking on
oxygen and leaving behind carbon dioxide. Adapted from West (19).

There are several relevant quantifiable parameters for the lung such as lung volume (VL),
pleural pressure (Ppl), compliance (CL), septal thickness (∆l) and diffusing capacity (DL).
Lung volume is comprised of several sub-volumes which represent the size of the lung
during various ventilation states which include total lung capacity (TLC), vital capacity
(VC), functional residual capacity (FRC), residual volume (RV) and tidal volume (TV).
Figure 1-3 summarizes these volumes with a spirometry example.
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Figure 1-3: Lung volume measured by spirometry. In a spirometry measurement, a patient breathes
into a tube forcing a pen to trace out a curve proportional to the displaced volume. Five different
volumes are defined here.

Total lung capacity (TLC), vital capacity (VC), tidal volume (TV),

functional residual capacity (FRC) and residual volume (RV). Adapted from West (19).

TV is the quantity of gas associated with an inhalation-exhalation cycle and FRC is the
quantity of gas remaining after such a cycle. VC is the volume difference between a
maximal inhalation followed by a maximal exhalation, and RV is the quantity of gas
remaining. Further details can be found in: Respiratory Physiology: The Essentials, by
West (19).

1.3 Lung Diseases
Lung diseases such as acute lung injury (ALI), acute respiratory distress syndrome
(ARDS), COPD, asthma and fibrosis are in general characterized by effects which reduce
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normal lung function, such as the ability to ventilate airways and alveoli, as well as
reductions in gas exchange efficiency between alveoli and capillaries. Untreated, these
changes can lead to organ failure and death. ALI and ARDS have a clear clinical
definition and are accepted to be present when the ratio between arterial oxygen and
inspired oxygen (PO2/FiO2) is less than 300 mmHg.

ALI and ARDS is mainly

characterized by the presence of inflammation (Fig. 1-4) and extravascular fluid within
the lung due to an increase in capillary membrane permeability (20).

Figure 1-4: Panel a) shows a healthy group of alveoli characterized by normal septal thicknesses and
devoid of inflammatory cells and edema.
abnormalities due to inflammation.

Panel b) shows a group of alveoli with various

Inflammation can cause alveoli to have increased septal

thicknesses, total or partial filling from edema and increased numbers of inflammatory cells signaled
by the lungs immune system.

COPD is comprised of various symptoms namely, emphysema, chronic bronchiolitis with
fibrosis, chronic bronchitis and mucous plugging.

Emphysema is responsible for

enlargement of the airspaces in the lung and destruction of alveolar walls, causing
diffusion impairment due to a reduction in alveolar surface area.

Bronchitis and

bronchiolitis refer to the narrowing of airways which have the effect of increasing airway
resistance making it difficult to ventilate the respiratory zone of the lung. Mucous
plugging can affect both ventilation and gas exchange through partial coverage of
alveolar walls and airways or by obstruction of sections of the small airway branches
(21). Asthma is a restrictive disease, not unlike chronic bronchitis described above. It is
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also responsible for airway narrowing, affecting ventilation; however, these effects are
often reversible with or without treatment (22). Fibrosis is characterized by thickening
and stiffening of the lung parenchyma leading to a decline in lung compliance. Fibrosis
is a late stage effect due to inflammation and the repair mechanisms involved. Further
details can also be found in: Pulmonary Pathophysiology: The Essentials 7th ed by West
(23).
RILI is a type of ALI. The time course of the injury begins with acute DNA
damage within the first few days of radiation exposure followed by the onset of radiation
pneumonitis (RP). RP typically occurs between 4 and 12 weeks post irradiation and is
characterized by inflammation, cough, fever, shortness of breath and reddening of the
skin in the exposed areas of the chest (24-26). Following RP, fibrosis can develop
between 6 and 24 months post irradiation, leading to reductions in lung compliance (due
to stiffening of the tissue) and lung volume (24-26). GA is another type of ALI where the
stomach contents are ejected into the lung usually during medical procedures while under
the influence of anesthesia. This results in a chemical burn of the tracheobronchial tree
and lung parenchyma causing an intense inflammatory response (27).

1.4 Methods of Lung Function Assessment
Conventional methods for assessment of lung function include the use of pulmonary
function tests (PFT), which are of relatively low cost, such as spirometry,
plethysmography, diffusing capacity of carbon monoxide (DLCO), and arterial blood gas
analysis, such as the measurement of the partial pressures of arterial oxygen and carbon
dioxide (paO2 and paCO2).

Spirometry is currently regarded as the gold standard

pulmonary function test and is capable of measuring TV and VC. CL can also be
measured using spirometry coupled with the use of pressure transducers to record both
the changes in pressure along with changes in volume during breathing. A PV curve is
obtained and the slope of this curve is the compliance CL. An important parameter
measured with spirometry is the forced exhaled volume in one second (FEV1) in which a
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patient is instructed to exhale as hard as they can from TLC while the exhaled volume is
recorded as a function of time. It can be used to determine the presence of restrictive
diseases which constrict the airways and prevent rapid gas passage through the airways.
Plethysmography is another method of measuring lung volume and is also capable of
measuring FRC where spirometry falls short. The patient is seated inside a sealed box
and is instructed to breath into a tube, sealed from the external environment by a
mouthpiece. The compression of the gas inside the box caused by the patient’s breathing
maneuvers is recorded and FRC can be calculated using Boyle’s law. DLCO is a method
which measures the elimination of carbon monoxide from the exhalant following a breath
hold of a known quantity of CO. DLCO is presented in units of mm/min/mmHg and
measures the gas exchange properties of the alveolus such as surface area and septal wall
thickness which typically are not measurable histologically in living persons. A very
good review paper by Hughes et al. describes the details behind DLCO (28). Blood gas
measurements are performed on blood extracted from the pulmonary arteries (such as the
carotid artery) and are typically used for, but not limited to, testing for concentrations of
O2 and CO2 within the blood. Arterial blood is expected to be oxygenated after leaving
the lung, and assessment of the degree of oxygenation (paO2) can reveal information
about gas exchange efficiency which can also be related to perfusion or ventilation issues.

1.5 Lung Imaging
Though PFTs can provide valuable information related to lung function, they are wholelung measurements, depend on patient effort and lack the ability to provide regional
information where distinct differences in disease pathology may be observed. Imaging
can help provide quantitative and regional measurements of lung anatomy and function.
Images produced by chest X-ray and computed tomography (CT) are the most common
methods for imaging the lung. X-ray images are however limited to 2D projections and
the lung is often obscured by other more dense overlying structures. CT was the first
imaging modality to employ slice-by-slice imaging and was first put to use in 1972. CT
is able to provide density maps in 2D and 3D at high resolution (~1mm3) and has
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improved soft-tissue contrast compared to chest X-ray techniques. CT images represent
2D matrices of attenuation coefficients, normalized by that of water, and expressed in
Hounsfield Units (HU). This normalization sets water to 0 HU, with air having a value of
-1000 HU, soft tissues residing between -300 to -100 HU and the denser materials such as
bone, ranging all the way up to +3000 HU. This allows for contrast between tissue and
air-like structures which typically comprise an image of the lung. CT has been used to
provide estimates of lung volume (29) and compliance (30) as well as to study ventilation
defects in asthmatics with the use of dual-energy xenon-contrast enhancement (31).
Though CT is well suited for imaging lung function and structure, its usage is limited due
to its associated radiation exposure which can be as high as 30 to 90 mSv for a single
study, much higher than that of typical chest X-ray exposure which are as low as 0.25
mSv (32).
Other modalities capable of regional imaging of the lung and other organs include
single photon emission computed tomography (SPECT) and positron emission
tomography (PET). Similar to CT, these modalities acquire images at different views,
but SPECT/PET reconstruct each set of photon counts to produce activity maps of a
radionuclide ‘tracer’.

Both modalities suffer from reduced spatial resolution in

comparison to CT due to the nature of radionuclide agents and detectors. SPECT relies
on the detection of x-ray or gamma emissions after administration of radio-nuclides such
as 99mTc. It has been used to measure regional ventilation and perfusion (33) as well as in
the detection of pulmonary embolism (34).

133

Xe, as well as 99mTc-labeled Tecnegas, has

also been used to depict the anatomical extent of the lung, as well as identify regions of
ventilation impairment (35).

PET relies on the coincident detection of the nearly

collinear emission of two 511-keV photons arising from the annihilation of a positron
with an electron. PET has been used to study regional ventilation and perfusion in the
lung using
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N-labeled N2 gas to produce ventilation ( V& ) and perfusion maps ( Q& ) (36)

and in addition to V& / Q& maps, has been recently used in a porcine GA model to estimate
lung volume (37). Like their radiographic counterparts, SPECT and PET are also limited
in practice due to their associated radiation dose, as well as due to levels of toxicity due
to some contrast agents.
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A recent imaging modality called optical coherence tomography (OCT) promises
to deliver non-invasive cross-sectional images in biological systems (38). Operating at
830 nm, this technique offers a non-ionizing approach for imaging biological structures.
The main drawbacks are limited depth resolution, requirement of detector placement and
lack of fully 3D imaging capability. OCT has been used to correlate airway diameters
measured using CT with those using OCT to validate OCT for lung applications (39).

1.6 MRI of the Lung
Shortly after the advent of CT in 1972, the use of nuclear magnetic resonance (NMR)
together with the application of a magnetic field gradient by Paul Lauterbur (40) started
the field of NMR imaging, more commonly referred to as MRI. Conventional MRI is a
non-ionizing imaging modality that employs the detection of signal from the precessing
nuclear spin of protons while within a magnetic field. Due to the large abundance of
water molecules in tissue (many protons), MRI has a high sensitivity to various tissues
and organs and provides strong soft tissue contrast by manipulating spin relaxation
properties via MRI pulse sequences.

Conventional MRI of the lung however, is

challenging due to low signal-to-noise ratio (SNR) as a consequence of the low density of
water in the lung. The MRI signal can be further degraded by magnetic susceptibility
effects arising from the many gas/tissue interfaces and by respiratory and cardiac motion,
though sophisticated gating techniques may mitigate the latter.
Oxygen enhanced techniques have been developed in which two images are
acquired, one while the subject is breathing air and the second breathing O2. Images are
then subtracted to generate contrast due to the paramagnetic influence of O2 on the lung
tissue and have been used to assess regional ventilation (41,42). These techniques can be
limited in diagnostic accuracy due to the requirement of image registration and the nature
of the MR signal, where it is unknown if it arises from the airspaces or from O2 dissolved
in tissue (43). Another proton technique uses a combination of 2D imaging during free
breathing followed by post processing using Fourier analysis. By collecting a large set of
images with a fast imaging rate, the signal intensity changes due to periodic respiratory
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and cardiac motion can be extracted by Fourier methods yielding two distinct frequencies
corresponding to ventilation and perfusion respectively in the lung (44). Limitations of
this technique may be due to its indirect nature for deriving ventilation and perfusion
information.
A more direct approach for lung imaging uses density-weighted contrast
following the introduction of perfluorinated gases such as hexafluoro-ethane tagged with
multiple

19

F nuclei to ventilate the lung airspaces and produce regional maps of

ventilation (45) as well as measurements of apparent diffusion coefficient (ADC) (46).
129

Xe and 3He can overcome the limitations of conventional lung MRI by pre-polarizing

these gases to levels 100,000 times higher than their thermal equilibrium values yielding
excellent signal for lung imaging. Upon introducing these gases into the air spaces of the
lung, structural and functional information can be obtained by exploiting different
properties of these gases such as diffusion and solubility. The use of

129

Xe for lung

imaging was first demonstrated by Albert et al. after applying the method of spin
exchange optical pumping (SEOP) to

129

Xe, and ventilating excised mouse lungs to

produce a density-weighted image of the lungs (47). Shortly after, 3He was polarized
using a method similar to

129

Xe and used to image the lungs of live guinea pigs (48).

Since then the field has been largely developed using 3He, however with recently
improved technologies allowing higher polarizations of

129

Xe in large quantities (49,50),

it has become a more viable clinical option and perhaps even an alternative to 3He for
eventual wide-spread clinical use.

1.7 Rodent Models and the Role of 129Xe
Rodent models are important for the study of lung disease, the development of new
imaging techniques and potential new therapies.

Rodent models of COPD (51,52),

asthma (53), fibrosis (15,54) and gastric aspiration (55) have been successfully used in
the past. In addition, the use of rodent models for ventilation studies has been improved
through the use of mechanical ventilators for precise control of ventilation parameters
such as TV, breaths per minute (BPM) and controlled breath-holding. This level of
control helps improve experiments where accuracy and precision of the pertinent
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parameters are key, such as in the study of ventilation-induced lung injury (VILI) and
development of imaging methods used to measure |VLV|.

129

Xe has taken the stage in

the last ten years, in part due to its unique ability to measure gas exchange. Its high
solubility and chemical shift properties, allow

129

RBC as well as the gas spaces of the lung.
inflammation,

129

Xe to be detected within tissues and
Combined with a rodent model of

Xe MRI techniques are well suited for gas exchange studies where gas

exchange may be impaired by disease. The first quantitative study of gas exchange using
129

Xe in vivo was done by Ruppert et al. using dogs (56) where it was found that

dissolved

129

Xe signal values plateau within 200 ms and then rise again after 1 s. This

demonstrates early saturation of lung parenchyma before

129

Xe is carried to downstream

compartments by blood flow beyond the lungs. Gas exchange has also been studied
using a method called xenon transfer contrast (XTC) (57) (and most recently in COPD
patients (MXTC) (11)) where images are formed using depolarization maps of the gas
phase via the dissolved compartments.

129

Xe has been used to investigate rodent models

of lung inflammation caused by bleomycin (54), lipopolysacharide (14) and fungal spore
infection (16). These studies not only include useful models of disease, but also provide
mathematical models of gas exchange. Xenon alveolar capillary transfer (XACT) aims to
quantify gas exchange between the airspaces, tissue and red blood cells with a simple
diffusion model, but does not explicitly include the effects of blood flow. The Mansson
model on the other hand, extends the analysis to include the effect of pulmonary blood
flow, where 129Xe is carried away from the lung after binding to haemoglobin within the
RBC.

The solution to the diffusion equation with Mansson’s imposed boundary

conditions on the xenon concentrations describes the MR signal intensity within a given
compartment as a function of time:

S (t ) = S0 (1 − exp(−t / TTr )) + S1t

[1.1]

where S0 and S1 are fitting parameters which can be used to derive estimates of septal
thickness and perfusion ( Q& ) (14). The exponential time constant TTr governs the buildup of signal for a particular compartment.

When applied to the tissue or RBC

compartments, the transfer times are denoted as TTr_tissue and TTr_RBC respectively. The
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geometry of the system is depicted in Fig. 1-5. The full details of the derivation can be
found in Mansson et al. (14)

Figure 1-5: The Mansson model of xenon intercompartmental exchange in the lung alveoli. The
geometry of the Mansson model consists of three concentric spheres representing the gas space (Va)
within an alveolus with radius ra, tissue space (Vt) and capillary space (Vc). Lt and Lc are the
diffusion lengths across each compartment respectively.

Ca(t), Ct(r,t) and Cc(r,t) represent the

concentrations of xenon within each compartment. F is an additional term to account for pulmonary
blood flow. Adapted from Mansson (14).

1.8 Nuclear Magnetic Resonance
The signal in nuclear magnetic resonance originates from ensembles of nuclear magnetic
moments precessing in the presence of a magnetic field.
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Interactions with these

ensembles using magnetic fields allows information about their locality and environment
to be derived. Nuclear spin is responsible for the achievable signal. Since spin is a
strictly quantum mechanical quantity, it is impossible to avoid some quantum mechanical
discussion, however, a classical approach is generally sufficient and will be used for most
of the NMR and MRI theory presented in this thesis. A summary of the basics of NMR
spectroscopy (this section) and MRI (1.10) are presented. The interested reader can find
further details within references (58-60).

1.8.1

Nuclear Spin

Atoms are comprised of nucleons (i.e., protons and neutrons) and electrons. They can
possess angular momentum resulting from their motion but also possess spin angular
momentum, a quantum mechanical property intrinsic to elementary particles. For the
remaining discussion pertaining to the NMR signal, concentration is on nuclear spin only.
Non-zero nuclear spin arises when atoms contain either unpaired protons or unpaired
neutrons or both. Furthermore, integer spin arises from isotopes with even mass numbers
while half integer spin arises from isotopes with odd mass number.
momentum arising from this intrinsic spin is given by:
r r
J =hI

The angular

[1.2]

where ћ is the reduced Plancks constant and I is the intrinsic spin. The magnetic moment
of the particle is then given by:

r

r

µ=γJ

[1.3]

where γ is the gyromagnetic ratio, a constant unique to each nucleus. Table 1-1 shows
the gyromagnetic ratios for a few common spin-½ NMR nuclei.
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Table 1-1: Various spin-½ isotopes and their corresponding gyromagnetic ratios.
Gyromagnetic Ratio γ [MHz rad-1 T-1]

Isotope
1

H

267.519

He

-203.782

19

F

251.662

Xe

-74.521

3

129

1.8.2

Magnetic Moment in the Presence of a Magnetic Field

r
When a magnetic moment is placed within a uniform magnetic field ( B ) it experiences a
torque described by:

r r r
N =µ × B .

[1.4]

Though generally, a force is also exerted on the moment, when the magnetic field is
uniform, only a torque is experienced and the equation of motion for the magnetic
moment as a function of time is given by:

r
r r
dµ
=γ µ × B
dt
.

(

)

[1.5]

The above differential equation has the following well known solution:
r
µ = µ0 exp(− iωt )

[1.6]

where ω is known as the Larmor frequency expressed by:
r
r
ω = γB

[1.7]

or more commonly expressed in Hz as

f=

15

γ
B
2π .

[1.8]

1.8.3

Magnetization and Polarization

Once placed in a magnetic field, the magnetic energy of a nucleus can take on values
which depend on the possible spin states. For the case of a spin ½ nucleus (Fig. 1-6),
spins can align either parallel to the applied magnetic field referred to as “spin up” ( n↑ )
or anti-parallel “spin down” ( n↓ ) given by:

r r
E= −µ ⋅ B .

[1.9]

The spin populations are approximated by the Boltzmann distribution for temperatures in
the biological range. The ratio of spin up to the spin down nuclei is given by:
 − ∆E 
=exp

n↑
 kT  .

n↓

[1.10]

Figure 1-6: Energy level diagram for a spin-1/2 system. Different spins in the spin up and spin down
states contribute to a slight excess of spins in the lower energy state: the spin up state.

Polarization is defined as the fractional excess of spins aligned with the magnetic field to
the total number of spins:
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| n − n↓ |
P= ↑
n↑ + n↓

[1.11]
.

Combining Eqn. 1.11 with Eqn. 1.10 and simplifying gives the thermal-equilibrium
polarization:
 − hω 
1 − exp

kT 

Peq =
 − hω 
1 + exp

 kT  .

[1.12]

A new quantity needs to be introduced to represent a collection of randomly oriented
spinning magnetic moments within a particular volume.

This quantity is called

magnetization (M) and can be represented classically as a vector sum combining
information about the number of individual moments per unit volume, the size of each
moment and the probability of alignment with the applied magnetic field:

This
)
magnetization can be thought of as precessing around the applied magnetic field B0 z ,
pointing in the z-direction in a Cartesian coordinate system. The magnitude of the
magnetization is given by the product of the moment size, moment density (N) and
polarization:

M =µNP .

[1.13]

Substituting Eqns. 1.3 and 1.12 into Eqn. 1.13 with the approximation that the thermal
energy is much larger than the difference in energy states (i.e., kT >> ∆E), Eqn. 1.13
becomes:

Nh 2γ 2 B0
M 0=
4kT

which is referred to as the equilibrium magnetization denoted M0.
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[1.14]

1.8.4

Chemical Shift

Spins residing in different chemical environments such as protons in water molecules and
protons in fat are affected by chemical shift. Chemical shift arises when the magnetic
field formed by the electron cloud surrounding a nucleus reacts to a changing local
magnetic field.

The electrons reconfigure themselves to oppose the change for

diamagnetic materials. The effective field B0 ' at the location of the reacting spin is
expressed as:

B0 '=B0 (1 − σ )

[1.15]

where σ is called the shielding constant and depends on the local chemical environment.
Combining this equation with the Larmor equation, the chemical shift δ can be reexpressed on a scale that is independent of magnetic field in parts per million (ppm):

ω − ωr
δ= s
⋅ 10 6
ωr

[1.16]

with ωs representing the frequency of the sample and ωr the frequency of the reference,
for an MR carrier frequency ω0. Figure 1-7 shows a typical dissolved-phase

129

Xe

spectrum complete with gas, tissue and RBC resonances where 199 ppm is due to tissue
and 212 ppm is due to RBC and are found to the left of the gas phase.
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Figure 1-7:

129

Xe dissolved phase spectrum complete with gas, tissue and RBC resonances with tissue

and RBC chemical shifts at 199 ppm and 212 ppm to the left of the gas resonance respectively. The
inverted abscissa is the convention in NMR spectroscopy.

1.8.5

Radiofrequency Pulses and Chemical Selection

In NMR, radiofrequency (RF) pulses are used to manipulate magnetization to give rise to
the NMR signal. Combined with other pulses they can also be used to generate contrast.
RF pulses are produced by antennae referred to as RF coils that operate in the megahertz
band. RF coils are designed to efficiently deliver RF pulses which are magnetic fields
)
applied perpendicular (i.e., in the x-y plane) to the main magnetic field B0 z and are
r
denoted as B1 . Using Eqn. 1.6, which previously expressed the torque on a single
magnetic moment within a magnetic field, the generalized expression for the total
r
magnetization influenced by a total magnetic field Btot can be written as:
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r
r
r
dM
= ( M × γBtot )
dt

[1.17]

r
where Btot now includes both static and time-varying fields that may be present. The RF
r
field B1 is one such time varying field and can be expressed as a circularly polarized field

in the laboratory frame as:

r
)
)
B1 (t ) = B1 max (cos(ωt )x − sin(ωt ) y )

.

[1.18]

Figure 1-8: The lab and rotating frames. After a coordinate transformation, the dynamics of the
magnetization can be easily described in a frame which rotates with the magnetization. Using this

r
simpler view, the effect of an RF pulse B1 on the magnetization vector

r
M 0 is simply a rotation

through an angle θ called the flip angle.

It is more convenient to describe the effect of RF pulses using a rotating frame of
r
reference which has the same angular velocity as the applied pulse B1 (Fig. 1-8).
Following a transformation from the laboratory frame to the rotating frame for a general
r
vector, the effective magnetic field, Beff , can be written:
r
r
 r Ω)
)
Beff =  B0 − k + B1 x
[1.19]
γ 

.
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r
Beff now represents the effective field in the rotating frame due to the applied static
r
r
Ω
)
magnetic field B0 z , the applied time-varying RF field B1 and a fictitious field

γ

responsible for the non-ideal behaviour of the magnetization. The magnetization vector
r
M 0 rotates or precesses around this new effective field. When the on-resonance
r
condition is met, Beff reduces to:
r
r
[1.20] .
Beff = B1
.

r
r
As B1 is applied, M 0 nutates from the z axis down into the transverse plane. The angle
r
r
by which M 0 is tipped away from the longitudinal axis depends on γ, the strength of Beff
and the duration of the pulse, T, according to:
T

θ = ∫ γ Beff (τ )dτ
0

[1.21] .

In general, θ can be any value between 0º and 180º including integer multiples (e.g., 90º,
180º and 270º). Typical values for θ are 90º (π/2) or 180º (π) which have the effect of
completely rotating the magnetization from the z direction into the x-y plane (i.e.,
excitation pulse) or completely changing its polarity in z (i.e., inversion or refocusing
pulse).

RF pulses can be used to excite specific populations of magnetic moments
characterized by their distinct resonant frequencies (chemical shifts). An example is the
RF pulse used in the chemically selective saturation recovery (CSSR) sequence (Fig. 113). In CSSR, the RF pulse shape exploits the Fourier transform pair for a square pulse
in time with a sinc function in frequency (Fig. 1-9). There is a relationship between the
RF pulse duration and the roots of the sinc function. With an appropriate choice of RF
duration, we can choose to exclude certain frequencies (e.g, gas phase in Fig. 1-7) from
the overall content of the transmitted pulse by placing the nth (typically the 1st) root of the
sinc function at the undesired frequency.
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Figure 1-9: Fourier transform pair, square and sinc. The Fourier transform of a square pulse in the
time domain is described by a sinc function in frequency domain.

1.8.6

Relaxation and the Phenomenological Bloch Equations

There are two types of relaxation, longitudinal relaxation (T1) and transverse relaxation
(T2). These two types of relaxation act to alter the components of the magnetization
vector as a function of time, typically in an exponential fashion.

The mechanisms

affecting T1 and T2 are beyond the scope of this thesis, but in general can be included
classically using the Phenomenological Bloch Equations, which describe the time
dependence of the magnetization vector with relaxation terms.

The longitudinal

component behaves according to:
M − M0
dM z
=− z
dt
T1
.

[1.22]

Following a 90º RF pulse, this equation (in the rotating frame) has a solution given by:

M z (t ) = M z (0) exp(−t / T1 ) + M 0 (1 − exp(−t / T1 ) )
where T1 is called the spin-lattice (or longitudinal) relaxation time constant.

[1.23]
This

equation describes the return to equilibrium of the magnetization which has been rotated
into the transverse plane. This process is depicted for conventional and hyperpolarized
relaxation (where T1 is a decay process) in Fig. 1-10.
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Figure 1-10: T1 relaxation. Conventional T1 relaxation is demonstrated (left) for increasing values of
T1 depicting a regrowth of magnetization in the z-direction over time. Longer values of T1 represent
a longer time to return the longitudinal magnetization to equilibrium.

Conversely, for

hyperpolarized magnetization, T1 relaxation is a decay process (right). This is shown for typical
values of T1 for magnetization within lungs (30 sec) and Tedlar bags (43 min).

The behaviour of magnetization in the transverse plane can be described by:

dM xy
dt

=

− M xy

T2

[1.24]

which has a solution given by:

M xy = M 0 exp(−t / T2 )

[1.25]

where T2 is called the spin-spin (or transverse) relaxation time constant. T2 describes the
decay of signal in the transverse plane due to dephasing of nearest neighbouring spins
(Fig 1-11).
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Figure 1-11: T2 relaxation. Three examples of relaxation for increasing values of T2* are depicted.
Longer values of T2* are desirable since the magnetization (hence signal) remains in phase in the
transverse plane for longer times.

Including the de-phasing due to magnetic field non-uniformities, an effective T2 denoted
as T2* can be written:

1
1
1
=
+
T2 * T2 T ' 2

[1.26]

The first term on the right is the intrinsic T2 responsible for dynamic dephasing. T2’ is
responsible for static dephasing such as inhomogeneities in the main magnetic field
)
( B0 z ) and distortions in magnetic field due to susceptibility differences such as those
encountered in the lung at the air-tissue interfaces.

A typical value of magnetic

susceptibility for lung tissue is ~ 9E-6 Hz. Including relaxation terms T1 and T2, Eqn.
1.17 defined earlier now becomes:
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)
)
r
)
r
r M x i + M y j ( M z − M 0 )k
dM
= M × γB −
−
dt
T2
T1

[1.27]

This equation is known as the phenomenological Bloch equation.

1.8.7

The Signal Equation

Detection of the NMR signal relies on Faraday’s Law of Induction which describes the
induced voltage from the changing magnetic flux across the cross section of the receiver
(RF) coil, due to the precessing magnetization:

ε =−

r
r
∂Φ
∂
= − ∫ (M xy ( r , t ) )⋅ (B1 ( r ) )xy dV
dt Vs
∂t

[1.28]

r
B1xy is the magnitude of the B1 field in the transverse plane, and Mxy is the magnitude of

the magnetization vector. The integral is performed over the volume of the sample
r
denoted as Vs. After recognizing that M 0 is a rotating vector, it can be expressed as
M ⊥ ( r ) ⋅ exp( −iωeff t ) and resolve the time derivative leaving the time-varying signal

induced in the RF coil:
r
r
S (t ) = iω0 ∫ M ⊥ ( r ) ⋅ B1 ( r ) ⋅ exp( −it (ω0 + ∆ω ))dV

[1.29]

where ω0 is the Larmor frequency, and ∆ω is the spread in the frequency of precession
for all spins included in the sample. The exponential term represents the phase of the
signal and is responsible for both useful and unwanted phase changes. Useful phase is
introduced later in the form of applied gradients for imaging. Unwanted phase broadens
spectral lines and introduces artefacts in images.

After introducing a new term,

ρeff(r)= M ⊥ B1 , defined as the effective spin density, the signal equation can be written

compactly where the RF field B1 is now assumed constant over the sample representing
the ideal excitation profile:
r
S (t ) = ∫ ρ eff ( r ) ⋅ exp( −it (ω0 + ∆ω )) dV
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[1.30]

Figure 1-12:

A free-induction decay (FID) is characterized by signal decay governed by the

exponential decay constant T2* (left). The Fourier transform of an FID in the time domain is a
Lorentzian function in the frequency domain. The width of the Lorentzian is related to 1/T2* and
gives an indication of spectral resolution quality.

The NMR signal is typically weighted by an exponential T2* decay function such as in
Eqn. 1.25 with T2 now replaced by the effective value, T2*. To recover the effective spin
density, an inverse Fourier transform is generally applied yielding the spin distribution
function analytically described by a Lorentzian line shape. This relationship is depicted
in Fig. 1-12.

1.8.8

Chemically Selective Saturation Recovery Pulse Sequence

In general, a pulse sequence is a rule of operations played out as a function of time by the
NMR spectrometer to signal different hardware components.

The pulse sequence

determines when RF signals and gradients (see MRI section) are applied and when data
acquisition is performed. An example of a spectroscopy pulse sequence is shown in Fig.
1-13.
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Figure 1-13: Pulse sequence timing diagram for the chemically selective saturation recovery (CSSR)
sequence. This sequence is characterized by a pair of 90º pulses separated by a variable delay time τi.
The first pulse (together with the gradient spoiler) dephases and destroys magnetization in the xy
plane. The signal buildup as a function of τ can then be characterized by acquisition of the signal
after the second pulse. The selective nature of the pulses allows for excitation of a particular
resonant frequency while sparing excitation on another (e.g., dissolved phase excitation while sparing
the gas phase).

This sequence is called the chemically selective saturation recovery (CSSR) sequence
due both to its use of chemically selective RF pulses and its relationship to conventional
T1 saturation recovery sequences. The sequence begins with a selective killer pulse
which is a 90º pulse designed to tip all the longitudinal magnetization on resonance into
the transverse plane while longitudinal magnetization with a Larmor frequency equal to
that of the 1st null of the associated sinc function is left unaffected. A gradient spoiler is
immediately played afterwards to ensure complete destruction of magnetization, setting
up an initial condition of zero magnetization. During a predetermined time interval τ, onresonance longitudinal magnetization is allowed to build up again until a second selective
90º pulse is applied. Following this pulse, the signal produced by the magnetization
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which has built up over the duration τ is acquired. The process is then repeated for
monotonically increasing values of τ to build-up a recovery curve. The CSSR sequence
described here is used exclusively in Chapter 3. The specific pulse sequence parameters
including setup and tuning can be found in Appendix A-3.

1.9 Hyperpolarized Noble Gases
The lung is generally devoid of signal for conventional (1H) lung imaging with MRI.
With the use of SEOP, the noble gases
ventilate the lung airspaces.

129

Xe and 3He can be used as contrast agents to

Using MRI, regional ventilation imaging is possible.

Detailed descriptions of the SEOP process are described in review articles by
Walker,Happer et al. (61,62), as well as by Moller et al (63). A summary of the basic
principles and key differences for 3He and 129Xe are given below.

1.9.1

Spin Exchange Optical Pumping

SEOP in general is achieved in two stages, optical pumping followed by spin exchange.
Figure 1-14 depicts the general components of the polarizer. Optical pumping involves
the use of an optical cell containing an alkali metal vapour, usually Rubidium (Rb)
combined with a mixture of gas containing a spin ½ noble gas (i.e.,
polarized.
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129

Xe or 3He) to be

Figure 1-14: General polarizer components. A gas mixture (1) consisting of 129Xe, N2 and 4He flows
through the polarizer where it mixes with Rb vapour (2). This mixture continues to flow to where it
enters the polarization cell (3). A magnetic field of about 1 to 3 mT is applied within this region to
cause Zeeman splitting of the Rb energy states. Laser light (4) with a wavelength of 794.8 nm
becomes circularly polarized after passing through a ¼ wave plate (5). The circularly polarized
beam is directed to fall onto the cell where it is absorbed by Rb valence electrons. Polarization is
transferred to nuclear polarization of 129Xe and hyperpolarized 129Xe exits the system (6).

The role of optical pumping is to maintain a high degree of Rb-electron spin polarization
as a reservoir for spin exchange. The optical cell is positioned inside a magnetic field (13 mT) to stimulate Zeeman splitting of Rb energy levels. Circularly polarized laser light
with right-wise helicity (σ+) and a wavelength of 794.8 nm is incident on the cell. The
wavelength is equivalent to energy level difference of the Rb D1 transition between 5s
and 5p substates. The valence electrons in the Rb vapour are excited and gain spin
angular momentum by absorbing the incident photons, exciting them from the 5s-1/2 to the
5p+1/2 state.

The electrons can then de-excite to either 5s-1/2 or 5s+1/2 with equal

probability.

Only electrons in the 5s-1/2 state can absorb the right-wise circularly
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polarized light. This process continues until the 5s-1/2 state is depleted and the Rb vapour
is almost completely polarized as shown in Fig. 1-15.

Figure 1-15: Optical pumping of Rb electrons. Circularly polarized laser light with right-wise
helicity (σ+) is absorbed by Rb valence electrons exciting them to the 5p+1/2 state. De-exitation to
5s+1/2 or 5s-1/2 occurs with equal probability. Only electrons in the 5s-1/2 state can absorb σ+ photons
again, therefore the process continues until the 5s+1/2 state is hyperpolarized.

The role of spin exchange is to transfer the electron spin polarization to nuclear
polarization of the noble gas via binary collisions for both (3He and
formation of a van der Waals molecule (129Xe only) (64).

129

Xe) and the

There are mechanisms

involved which also work against this process, such as the intrinsic depolarization rate T1
for the gas, collisions with other atoms, wall relaxation effects due to interactions
between atoms and cell walls and radiation trapping, where emission due to de-excitation
of Rb electrons can lead to depopulation of the aligned Rb spins before exchange takes
place.
Ultimately the process of SEOP involves competition between the rate of spin
polarization production versus the rate of spin destruction. The specific mechanisms for
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polarizing

129

Xe and 3He are slightly different. Unlike conventional 1H NMR/MRI, the

net magnetization of a spin ½ gas produced using SEOP does not depend on the NMR
)
spectrometers main applied magnetic field B0 z and is expressed as:

M hp =

γhNP

[1.31]

2

Table 1-2 gives various physical properties of 3He and 129Xe.
Table 1-2: Various physical properties pertinent to 3He and

129

Xe and this work. Adapted from

Moller (63).
3

Parameter

He

129

Xe

Natural Abundance (%)

1.37 x 10-4

26.4

Chemical Shift Range, ∆δ (ppm)

~0.8

~250

T1 (Pure, SMTP) h

744

55

Self-Diffusion Coefficient, D0 (cm2/s)

2.05

0.061

Ostwald Solubility in Blood

0.0085

0.17

1.9.2

SEOP of 3He

SEOP of 3He is typically achieved in large batches (~ 1 L) at high pressures (5-8 atm).
Within an isolated glass cell, a mixture of 3He, 0.1 atm of N2 and 1-2 g of Rb is heated to
a temperature of about 150º C to create a mixture rich with Rb vapour. The high pressure
broadens the D1 transition line of the Rb for more efficient absorption of laser light. The
inclusion of N2 is to quench radiation trapping. Typical timescales to reach polarizations
in excess of 40% take up to 18 hours due to large spin exchange times for 3He (~ hours)
with binary collisions being the dominant exchange mechanism. Once polarization is
achieved, the gas is allowed to cool to room temperature where it can be directly
dispensed into a bag for use.
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1.9.3
SEOP of

SEOP of 129Xe
129

Xe is typically achieved during constant flow and accumulated over time

using a cryo-freeze technique after passing through the optical pumping cell. The physics
for polarizing xenon require a few modifications to the methods used for 3He. The spin
exchange times for

129

Xe are on the order of minutes making the polarization process

considerably faster than is achievable with 3He.

One of the largest problems for

polarizing 129Xe is the effect of spin-rotation which acts to depolarize Rb electrons during
the Rb-Xe collision interaction. This effect depends linearly on pressure which sets an
upper limit on the pressure of the gas (2-3 atm) during the polarization process defeating
the broadening of the D1 transition line for Rb.

A compromise first proposed by

Driehuys employs the use of a lean gas mixture containing only 1-2% of natural
abundance xenon, 1% N2 with 4He comprising the remainder of the mixture. This allows
for both a reduction in the spin-rotation effect as well as maintaining a broad D1 line for
efficient absorption of laser light. Once polarized, the mixture exits the cell and is
exposed to a liquid N2 bath where xenon accumulates in solid state in a collection vessel
in a magnetic holding field while N2 and 4He pass through. The amount of xenon
collected depends on flow rate and collection time.

Once the desired quantity is

collected, it is rapidly thawed into a dispensing bag (Tedlar bag).

1.10 Magnetic Resonance Imaging
NMR can be extended to NMR imaging (commonly referred to as MRI) with the
inclusion of applied magnetic field gradients which cause linearly varying changes in
Larmor frequency across the regions where they are applied.

This allows spatial

localization of spins since spins in one location will precess at a different rate than those
in another location.
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1.10.1

Applied Magnetic Field Gradients

Magnetic field gradients allow for spatial localization of magnetization. When a gradient
is applied, the Larmor frequency becomes a function of position. Revisiting the signal
equation introduced previously, a new term φ(r,t) is introduced responsible for phase
accrued due to imaging gradients:
r
r
S (t ) = ∫ ρ eff ( r ) ⋅ exp( −iω0 t + φ ( r , t )) dV

[1.32]

where φ(r,t) is defined as:
t

r

r

φ ( r , t ) = − ∫ dt '⋅∆ω ( r , t ' )
0

[1.33]

.

Using a 1D example which is easily extended to three dimensions, the application of an
applied gradient in the z direction is demonstrated. The total field is then expressed as a
sum of the main applied field and the gradient along the z direction:

Bz ( z, t ) = B0 + z ⋅ Gz (t )
with G z ≡

[1.34]

∂Bz (t )
∂z .

[1.35]

The Larmor equation then becomes

ω ( z, t ) = ω0 + ωGz = ω0 + γz ⋅ Gz (t ) .

[1.36]

The ω0 term has already been included in the original signal equation (Eqn. 1.30).
Substituting ∆ω for ωgz in Eqn. 1.33 and introducing a new parameter k which
parameterizes the signal equation by gradient strength and time, φ becomes:
r

t

t

r

φ ( r , t ) = − ∫ dt '⋅ωGz ( r , t ' ) = −γ ⋅ z ⋅ ∫ dt '⋅G z (t ' ) = −2π ⋅ k z (t ) ⋅ z
0

0

[1.37]
,

where:

γ t
k z (t ) ≡
dt ' G z (t ' )
2π ∫0
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[1.38]
.

Substitution in Eqn. 1.32 yields:
+∞

s( k z ) = exp( −iω0t ) ⋅ ∫ dz ⋅ ρ eff ( z ) ⋅ exp( −i 2πk z ⋅ z )

[1.39]

−∞

The signal parameterized by kz is the Fourier transform of the effective spin density.
Using the definition of the Fourier transform pair, effective spin density can be
reconstructed by measuring the MR signal and taking the inverse Fourier transform:
+∞

ρ eff ( z ) = exp( −iω0t ) ⋅ ∫ dk z ⋅ s ( k z ) ⋅ exp(i 2πk z ⋅ z )

[1.40]

−∞

In three dimensions this becomes:
+∞

ρ eff ( x, y, z ) = exp( −iω 0 t ) ⋅ ∫ dV ⋅ s ( k x , k y , k z ) ⋅ exp(i 2π ( k x ⋅ x + k y ⋅ y + k z ⋅ z ))

[1.41]

−∞

with kx and ky defined similarly to Eqn 1.38

1.10.2

k x (t ) ≡

γ t
dt ' G x (t ' )
2π ∫0

[1.42]

k y (t ) ≡

γ t
dt ' G y (t ' )
2π ∫0

[1.43]

Imaging Pulse Sequence and k-Space

The previously defined parameterized signal equation (Eqn. 1.41) maps out the
trajectories defined by an imaging sequence in what is commonly known as k-space. kspace contains the spatial frequency components which comprise the Fourier transform of
the effective spin density.
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Figure 1-16: Pulse sequence timing diagram and k-space representation. Panel a) depicts a 3D
Fourier transform imaging sequence. Each θi is part of a set of flip angles designed to optimize signal
intensity across k-space and is part of a variable flip angle (VFA) trajectory described in the next
section. Gradients are played out which trace out a trajectory in k-space. TE is defined as the echo
time and TR is defined as the repetition time. Sample trajectories are seen in panel b) where Gx
traces a path backwards to –kx at the same time that Gy traces a path towards ky. The sum of these
paths causes the diagonal movement seen in panel b). Gx then changes polarity and traces out a path
from –kx to kx during the acquisition period of the sequence. The process repeats for different
gradient amplitudes until the desired amount of k-space is filled.

The field of view (FOV) is determined by the object size which in turn defines the kspace sampling period. The overall resolution of the reconstructed object depends on the
extent of k-space coverage. FOV and resolution set the limits on the imaging parameters.
The relationships between FOV, k-space and sequence parameters are given below. Field
of view (which is the size of the reconstructed image) in each direction is denoted as
FOV. The dwell time in Eqn. 1.47 ∆t, is related to the total readout time (and duration of
the x-gradient) by multiplication of the number of points Nx in the x-direction. It is also
the inverse of the bandwidth. τi is the total duration of the respective gradient pulse in
Equations 1.44 to 1.52. The boundaries of k-space kmax, FOV and spatial resolution δ in
all three respective directions are thus defined as:
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k x max =

τ
γ
Gx x
2π
2

FOVx =

δx ≈

1.10.3

[1.44]

1

[1.47]
γ
G x ∆t
2π

1

γ
G xτ x
2π

[1.50]

γ
G yτ y
2π

k y max =

FOV y =

δy ≈

[1.45]

1

[1.48]
γ
G yiτ y
2π

1

γ
G yτ y
2π

[1.51]

k z max =

FOV z =

δz ≈

γ
G zτ z
2π

[1.46]

1

[1.49]
γ
G ziτ z
2π

1

γ
Gzτ z
2π
.

[1.52]

Pulse Sequence Considerations for HNG-MRI

Unlike conventional proton MRI, the source of magnetization in HNG-MRI is a gas (not
a liquid), and it is non-renewable. Once it is tipped into the transverse plane, it does not
return to its previous value Mhp, rather only the thermal equilibrium value M0 which is
100,000 times smaller. Such decay is characterized by the T1 relaxation rate as shown in
Fig. 1-10. These effects need to be handled when considering the effect of diffusion
through gradients (65) and the use of many RF pulses (66).
When hyperpolarized gas diffuses through applied magnetic field gradients, the
loss of signal is governed by a well known exponential attenuation rate:

S = S 0 ⋅ exp(−b ⋅ ADC)

[1.53]

where ADC is the apparent diffusion coefficient for the gas and the b-value (b) depends
on the strength of the gradient and the diffusion time. This effect on signal can be a
problem, expecially for gases since ADC is considerably higher than liquids requiring the
use of reduced b value to mitigate its effect. On the other hand, this diffusion weighting
but can also be used to probe lung microstructure related to the diffusion length (63).
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As described in Section 1.8.5, the use of a 90º flip angle causes complete rotation
of the magnetization into the transverse plane. Once there, it decays rather quickly (order
of milliseconds at clinical field strengths) governed by T2* relaxation which is much
faster than the T1 relaxation occurring in the longitudinal direction (order of seconds). In
order to use this non-renewable magnetization efficiently, a series of small flip angles
known as a VFA trajectory can be used to distribute signal evenly over the acquisition of
k-space. For lung imaging it is common that TR is much smaller than T1 and the VFA
trajectory can be approximated by ignoring T1 decay by (66):


1 

 N −n 

θ n ≈ tan −1 

[1.55]

where N is the total number of RF pulses and n is the nth pulse corresponding to the nth
angle θn. The optimum VFA trajectory equalizes the SNR for all elements in k-space.
Different situations are depicted in Fig. 1-17 for the true optimum trajectory as well as
examples of deviation from the ideal optimum.
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Figure 1-17: VFA flip angle trajectory. Overpowering is when too much power is applied to the RF
coil causing larger than anticipated flip angles which consumes magnetization. Underpowering
causes the opposite effect, where the desired flip angles are smaller due to less applied power. Cases
of the optimum VFA trajectory together with examples of overpowering and underpowering are
calculated for N=64 x 16 RF pulses, consistent with the 3D pulse sequence used in Chapter 2.

1.11 Thesis Outline
The purpose of this thesis was to further develop MR methods for investigation of lung
inflammation with an emphasis on rodent models of inflammation probed using
hyperpolarized

129

Xe MRI and dynamic spectroscopy, specifically CSSR. Chapters 2, 3

and 4 are reproductions of submitted manuscripts with the theme of hyperpolarized lung
imaging of rodent models of inflammation.
Chapter 2 describes the validation of

129

Xe for measurement of absolute ventilated lung

volumes as compared to a validated 3He technique. Six rats were imaged using both 3He
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and

129

Xe and the results compared for assessment of accuracy and precision. Matthew

Fox was responsible for experimental design, performing animal preparations,
experiments/data acquisition and analysis contained herein. Matthew Fox trained Paula
Pflugfelder to assist in accelerating animal preparations. Dr. Alexei Ouriadov wrote the
2D and 3D pulse sequence used in this work and provided valuable insight for analysis.
Dr. Giles Santyr provided consultations and assistance with the manuscript presentation.
This work has been submitted to Magnetic Resonance in Medicine (Submitted Nov 22
2011 – ID: MRM-11-12944).
Chapter 3 describes the use of

129

Xe dynamic spectroscopy to assess impairment of gas

exchange in a rat model of RILI. A control group was compared to two irradiated groups
with different incubation periods to detect temporal changes in gas exchange using a
whole lung measurement.

Matthew Fox was responsible for experimental design,

performing animal preparations, experiments/data acquisition and analysis contained
herein. Kundan Thind assisted Matthew with performing animal irradiations. Matthew
Fox trained Paula Pflugfelder to assist in accelerating animal preparations. Dr. Alexei
Ouriadov wrote the CSSR pulse sequence used in this work and provided valuable insight
for analysis. Dr. Eugene Wong, Dr. Richard P Hill and Dr. Andrew Hope provided
meaningful discussion, a tour of Dr. Hill’s lab at Princess Margaret Hospital and
assistance in starting up animal irradiations at London Regional Cancer Program in
London where irradiations for this work took place.

Dr. Giles Santyr provided

consultations and assistance with the manuscript presentation.

This work has been

submitted to the Journal of Applied Physiology.
Chapter 4 describes the development and validation of a modified Foley catheter as a
novel intubation technique for longitudinal disease model studies in rats. Separate groups
of rats were ventilated after intubation using the Foley catheter and a regular catheter to
validate breath-hold quality and assess survivability. Matthew Fox was responsible for
experimental design, performing all animal preparations, experiments/data acquisition
and analysis contained herein. Dr. Alexei Ouriadov wrote the 2D pulse sequence used to
demonstrate imaging. Dr. Dave Hobson was responsible for assisting in the initial pilot
study. Dr. Ian Welch was responsible for initial interpretation of histology slides and
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development of a scoring system. Dr. Giles Santyr provided consultations and assistance
with the manuscript presentation. This work has been submitted to Laboratory Animals
(Submitted September 19 2011 – ID: LA-11 139).
Chapter 5 discusses the results of the three preceding works as well as their contribution
towards addressing new problems in lung imaging and their merit in assessment and
study of other lung diseases not addressed within the three manuscripts.
The appendices provide additional details about the MR compatible mechanical ventilator
(Section A-1), the custom

129

Xe polarizer used for all xenon related work in this thesis

(Section A-2), the specific CSSR sequence details originally omitted from the publication
version of Chapter 3 (Section A-3) and additional information related to the development
of the RILI model (Section A-4).
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Chapter 2

2

Comparison of Hyperpolarized 3He and 129Xe MRI for
Measurement of Absolute Ventilated Lung Volume in
Rats

2.1 Introduction
Chronic respiratory disease (CRD) including chronic obstructive pulmonary disease
(COPD), emphysema, asthma and lung fibrosis are the fourth largest contributors to
mortality worldwide and are expected to account for one third of all deaths by 2030 (1).
These diseases are typically assessed using standard pulmonary function tests such as
plethysmography and spirometry to monitor total lung capacity (TLC), residual volumes
(RV), functional residual capacity (FRC) and forced expiratory volume in one second
(FEV1). It has been shown previously that these measures are sensitive to the changes
caused by COPD (2), emphysema and asthma (3), however, these whole-lung techniques
lack the ability to localize disease within the lung, limiting the application of localized
therapy and presumably reducing sensitivity.

It has also been shown that

plethysmography (4,5) can overestimate TLC in patients with severe airway obstruction.
Furthermore, spirometry is not always able to accurately detect restrictive disease (6).
Imaging may be helpful since it allows non-invasive, regional quantitation of disease in
the lung.

The ability to quantify and localize anatomical and functional changes

associated with CRD may provide earlier detection and treatment, as well as a better
understanding of disease mechanisms, leading to improved therapies.
MRI using hyperpolarized noble gases, 3He and

129

Xe, provides a non-invasive

approach for probing both lung anatomy and function. Albert et al. first demonstrated the
use of laser-polarized 129Xe for imaging the gas spaces of excised mouse lungs (7). Since
then, hyperpolarized noble gas lung MR imaging has been used to study CRD in both
humans and animals, particularly with the use of 3He, due to its larger signal compared to
129

Xe. Hyperpolarized 3He has been used to map apparent diffusion coefficients (ADC)
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(8) and ventilation defects in humans (9) diagnosed with COPD (10,11), asthma (12) and
cystic fibrosis (13,14) as well as ADC (15) and ventilation maps in animals (16,17). In
particular, measurement of ventilated lung volumes are useful for characterizing COPD
(11) and can be used to assess lung mechanics (i.e., compliance) non-invasively. It has
previously been demonstrated that 3D imaging of ventilated lung volumes in rats using
3

He is a useful alternative to x-ray micro-CT (16), but without the associated radiation

dose, making it a useful approach for longitudinal studies of lung disease. Unfortunately,
wide-spread clinical use of these hyperpolarized MR imaging approaches has been
limited due to the unpredictable supplies of 3He.
129

Xe is a more abundant alternative to 3He, but MR imaging with this gas has

been hampered due to lower signal and lack of turn-key hyperpolarization systems. With
recent improvements in the production of hyperpolarized 129Xe, including manufacturing
of larger quantities of gas (~ 1 L) with higher polarizations (18), similar studies to those
described for 3He are now possible, including measurement of
with COPD (19).

Furthermore, the higher solubility of

129

129

Xe ADC in patients

Xe in biological tissues

3

compared to He, means that significant signal can be measured beyond the air-spaces of
the lung, enabling measurement of gas exchange (20-22) and perfusion (23). With these
trends in mind, further investigation and validation of 129Xe techniques will be important
for the development of hyperpolarized noble gases as a clinical tool for lung MR
imaging.
In addition to differences in hyperpolarization techniques and MR imaging
approaches, there are numerous physical differences between 3He and 129Xe which affect
the MR signal including: (i) a smaller gyromagnetic ratio for

129

Xe (γXe = -7.453201 x

107 rad /s T (24)), compared to 3He (γHe = -20.3781587 x 107 rad /s T (24)), (ii) reduced
susceptibility differences for 129Xe which scale quadratically with γ, (iii) a smaller ADC
for xenon compared to helium making the

129

Xe signal less sensitive to losses from

diffusion through magnetic field gradients (e.g., longer T2*), and (iv) relatively higher
tissue solubility of xenon (Ostwald solubility coefficient of 0.17 in blood) compared to
helium (Ostwald solubility coefficient of 0.0085 in blood) (24), requiring consideration
of gas exchange effects on the

129

Xe signal. These differences need to be accounted for
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in order to establish quantitative imaging methods using either gas, specifically to
compare measurement of ventilated lung volumes using

129

Xe with established 3He

methods.
The objective of this work was to perform 3D 129Xe and 3He MR imaging in rats
under matched ventilation conditions and compare measured absolute ventilated volumes
(|VLV|) obtained with each gas. Initially, accuracy and precision of the two imaging
methods were determined using a syringe phantom filled with loose beads to simulate
partial volume effects as well as variable gas space volumes encountered when imaging
lungs. Imaging was then performed with both gases in six healthy Sprague Dawley rats
under two pressure-matched conditions (10 and 14 cmH2O) corresponding to a typical
range of rat ventilation conditions. |VLV| values were derived from the images for each
gas using a partial-volume algorithm, including ADC and T2* correction, and compared
to one another on a rat-by-rat basis. These measurements were also used to estimate
global lung compliance (CL) for each rat. The similarities and differences between the
two gases are discussed, as well as the clinical applications of these approaches.

2.2 Methods
2.2.1

Hyperpolarized Gas Production

Hyperpolarized 3He was polarized to levels in excess of 40% using a turn-key polarizer
(Helispin, GE Healthcare Durham NC) employing the method of spin-exchange optical
pumping with 99% 3He and 1% N2 (Spectra Gases, Stewartsville NJ). After polarization,
3

He was dispensed into 220 mL Tedlar (Jensen Inert, Coral Springs CA) bags, which

were rinsed with N2 and vacuumed down to 0.05 Torr three times. The polarization in
the bag was measured using a polarimetry station (GE Health Care, Durham NC). The
Tedlar bag was then brought to the bore of a 3-T MR imaging system (Discovery
MR750, GE Healthcare, Waukesha WI) and placed inside a reservoir for delivery of the
gas to the animal during imaging using a hyperpolarized gas-compatible mechanical
ventilator (17,25).
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Hyperpolarized

129

Xe was polarized to levels in excess of 20% using a custom-

made, continuous-flow polarizer employing the method of spin-exchange optical
pumping (26). The flowing gas mixture consisted of 1% natural abundance xenon (26%
129

Xe), 10% nitrogen and 89% helium by volume (Air Liquide, Montreal QC). Following

hyperpolarization, the natural abundance xenon was separated from the other gas
constituents by passing the mixture through a glass cryo-trap submerged within an
insulated liquid nitrogen (LN2) bath (i.e., 77 K) in the presence of a 0.3 T magnetic field
provided by a permanent magnet. Typical collection times of 70 min at a flow rate of 0.6
L/min yielded up to 350 mL of frozen xenon, which was then sublimated (in less than 10
s) by immersion in a bath of boiling water. The expanded xenon gas was captured in a
Tedlar bag (Jensen Inert Coral Springs, CA) prepared in the same manner as described
above. The final polarization of the

129

Xe was estimated to be approximately 16% post

thaw as determined by comparison of the hyperpolarized signal with the thermal
equilibrium polarization of the same gas sample in separate calibration experiments.

2.2.2

Phantom Preparation

In order to determine precision and accuracy of the image acquisition procedure and
processing algorithm, a phantom filled with either 3He or
Figure 2-1.
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129

Xe was used as shown in

Figure 2-1: A photograph (left) and a schematic (right) of the phantom used in this study, consisting
of a 30-mL syringe filled with an appropriate number of 4-mm diameter loose beads (15 or 100) to
simulate two partial volume effects. The plunger was drawn back, trapping hyperpolarized gas
inside. The plunger position determined the stroke volume, and the geometric volume occupied by
the gas was calculated as the difference in stroke volume and volume occupied by the beads.

The phantom consisted of a 30 mL syringe (Beckton Dickinson, Missisauga ON), filled
with either 15 or 100 loosely placed spherical acrylic beads having a diameter of 3.96 ±
0.2 mm (4 mm). The beads were used to deliberately produce partial volume effects
within the images in order to simulate those observed in the lung. The total air-space
volume (i.e., geometric volume) was the total stroke volume of the syringe minus the
volume occupied by the beads (e.g., stroke volume minus 0.033 mL x 100).

The

phantom was connected to both a Tedlar bag of hyperpolarized gas and a vacuum pump
(Schuco Vac 130-Aspirator) using a three-way stopcock. The lines and the phantom
were vacuumed down to a pressure of 121 Torr. The Tedlar bag was then un-pinched
and the plunger of the syringe withdrawn to either 20 mL or 9 mL so that the air-space
volumes of contrast gas inside were 14.69 ± 0.16 mL and 8.52 ± 0.06 mL respectively.
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2.2.3

Animal Preparation

All procedures followed animal care protocols approved by the University of Western
Ontario Animal Care and Veterinary Services (ACVS) and were consistent with
procedures used by the Canadian Council on Animal Care (CCAC). Six age-matched
Sprague Dawley rats (388 ± 5 g) were used. Rat anesthesia was initially provided by an
isofluorane induction chamber (Vet-Equip, Pleasanton CA) at a flow rate of 0.8 L/min
using a concentration of 5% isofluorane (Abbot Laboratories, St. Laurent, Canada) until a
suitable depth of anesthesia was reached. Rats were then transferred to a nose cone
where the isofluorane concentration was reduced to 2% and a loading dose of ketamine
hydrochloride (Bioniche, Belleville, Canada) was given at a dose of 50 mg/kg. A 26gauge catheter (Abbocath-Hospira, Sligo Ireland ) was inserted into the right tail vein to
facilitate prolonged anesthesia depth by delivery of a mixture of propofol (Astra Zeneca,
Missisauga Canada) and ketamine at a ratio of 10:1 using an infusion pump (Univentor,
Zejtun Malta) with a delivery rate of 50 mg/kg·hr.

A 16-gauge catheter (Beckton

Dickinson, Missisauga ON) was inserted orally into the trachea and then secured to the
cheeks of the rat using 2-0 silk suture (Ethicon, Somerville USA). Surgical exposure of
the trachea was then performed in order to secure the trachea to the catheter and create a
tight seal between the lung and mechanical ventilator. Three loops of 2-0 silk suture
secured the trachea to the catheter using square knots. The exposed tissue was sutured
and the animal was brought to the MR imaging system where it was then connected to a
mechanical ventilator (GEHC, Malmo Sweden) via the IV catheter placed inside the
trachea. The thorax of the animal was positioned supine and centered at the isocenter of
the RF coil at 10.5 cm from the edge of the coil.

2.2.4

Ventilation

Rodent ventilation and breath-holds were carried out using an MR and hyperpolarized
gas-compatible, pneumatically driven mechanical ventilator (GEHC, Malmo Sweden)
(17). Tracheal pressure (PTr) was monitored with an in-line pressure transducer (Sensor
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Technics, Puchheim Germany) attached to the endotracheal tube. When not imaging, the
rats were ventilated with medical air (21% O2) with the following ventilation parameters:
breathing rate of 60 breaths/min, inspiration-expiration ratios of unity, PTr ranging
between 10 and 14 cmH2O and tidal volumes of 8 mL per kg of rat mass. Tedlar bags
containing either 3He or

129

Xe were placed within a pressurized reservoir, connected to

the ventilator and kept within the magnet bore.

3

He or

129

Xe were delivered using a

breathing rate of 30 breaths per minute. Appropriate numbers of pre-breaths of 3He and
129

Xe were given respectively, prior to breath-hold imaging measurements, to ensure

sufficient and matched ventilation conditions.
Breath-hold pressures (PTr) of 14, 10 and 7 cmH2O were chosen to cover a range
of pressures and volumes used in vivo. In order to control these three volumes and match
them within the same rat, a calibration was performed on a rat-by-rat basis for each of the
contrast gases to accommodate the differences in gas densities and to find the relationship
between tracheal pressure and reservoir pressure. This was accomplished by insertion of
flow restrictors (Flow Logic, Marlborough MA) of inner diameters 0.16” and 0.07” for
129

He and

129

Xe respectively in the line between the reservoir and the pneumatic valve.

Linear relationships between reservoir pressure and average PTr within the rat for helium
or xenon were derived using either 4He or natural abundance xenon respectively. These
relationships were then used to prescribe the necessary reservoir pressure in order to
match PTr between the two gases. The volume associated with 7 cmH2O was determined
to be insufficient to provide adequate image quality and was not included in the final
analysis. Therefore, the final PTr values selected for the study were 10 and 14 cmH2O.

2.2.5

Imaging

Imaging was performed using a GE MR750 3T MR imaging system, including an
insertable gradient system having a maximum gradient strength of 500 mT/m (27). Two
rat-sized bird-cage transceiver RF coils (Morris Instruments, Ottawa Canada) were used
tuned to the 3He (97.3 MHz) and 129Xe (35.3 MHz) frequencies. A 3D gradient recalled
echo sequence (3D FGRE) implementing variable flip angles (VFA) and centric phase
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encoding with elliptical ordering was used (16,28) .

Syringe imaging sequence

parameters were: matrix size of 64 x 64 and a slice thickness of 1.5 mm for both gas
volumes. For the larger gas volume (14.68 mL), the FOV was of 7 x 7 cm2 with 42
slices. For the medium gas volume (8.52 mL), the FOV was 5 x 5 cm2 with 22 slices.
For the case of 129Xe, the bandwidth was 4 kHz with TR of 5.2 ms and TE of 2.4 ms. 3He
employed a bandwidth of 42 kHz with a TR of 1.5 ms and TE of 0.5 ms.
For in-vivo rat imaging, sequence parameters were: matrix size of 64 x 64, FOV
of 5 x 5 cm2 with 16 slices having a slice thickness of 2 mm. For 3He, the bandwidth was
set to 42 kHz with a TR of 1.5 ms and TE of 0.5 ms.

129

Xe employed a 4-kHz bandwidth

with a TR of 5.4 ms and a TE of 1.9 ms. Acquisition using 3He required minimal echo
times in order to reduce signal losses due to diffusion through gradients (16). Due to
hardware limitations, the echo time was limited to 0.5 ms. Since 129Xe has a smaller
gyromagnetic ratio, and the gas mixture had a lower density of spin-1/2 nuclei (26%
129

Xe by volume), the use of a narrower bandwidth allowed for an improvement in

signal-to-noise ratio (SNR) by a factor of approximately 4. This provided comparable
image quality for the two gases. A longer echo time was tolerated without significant
diffusion-induced signal attenuation because 129Xe has a much lower diffusion coefficient
than 3He.

Scan times were approximately 4 and 6 seconds for 3He and

129

Xe

respectively.

2.2.6

Analysis

Both phantom and rat data were processed using a modification of the method of
Akhavan (16). Absolute gas space volumes were determined using Matlab (Mathworks,
Natick MA) with the following partial-volume correction formula:
n

| Gas Volume | = V ⋅ ∑
i =1

Si
S Full

[2.1]

where Si are the signal intensities in each voxel in the image, and V is the geometric
volume of a single voxel (1.1 mm3). For the phantom, SFull was the mean signal intensity
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measured in a region containing only gas, hence no partial volume effect (i.e., a full
voxel). ADC and T2* differences between SFull and Si were expected to be negligible for
the phantom. This is a reasonable approximation since the distance between beads
through which the gas diffuses was estimated to be 0.066 cm, which is long compared to
the diffusion length (0.045 cm and 0.016 cm for 3He and

129

Xe respectively) associated

with the pulse sequence (i.e., diffusion times of 2300 µs and 508 µs for xenon and helium
respectively).
For the rat lung, SFull was determined using an ROI containing the trachea only,
hence no partial volume effect (i.e., a full voxel). To account for signal attenuation due
to differential ADC and T2* weightings in the lung parenchyma, Si and SFull in Eqn. 2.1
were corrected in the following way to obtain absolute ventilated lung volume, |VLV| in
the rat (16):

S ' Full = S Full ⋅ exp[−b( ∆ADC )] ⋅ exp[−t ( ∆R2 *)],

[2.2]

where ∆R2* is the difference between transverse relaxation rates for the trachea and lung
parenchyma (inverse of T2*) and ∆ADC is the difference between the apparent diffusion
coefficients between the values obtained for the trachea and lung parenchyma. The
ADCtrachea values used in Eqn. 2.2 were 2.05 cm2/s and 0.061 cm2/s (24) for 3He and
129

Xe respectively, corresponding to the expected unrestricted diffusion for each gas

following wash-out breaths.

ADCparenchyma for 3He was set to 0.11 cm2/s based on

literature (29). ADCparenchyma for

129

Xe was measured as described in the next section

below. The b-values used in Eqn. [2.2] were 0.0615 cm /s2 and 0.2208 cm /s2 for 3He and
129

Xe respectively, calculated from the corresponding pulse sequence parameters for each

gas (28). T2*trachea and T2*parenchyma for 3He and 129Xe were measured as described in the
next section below. Eqn. 2.2 does not include a T1 term since the imaging time was much
shorter than T1, after an appropriate amount of wash-out breaths. Signal changes due to
129

Xe exchange between the various dissolved phase compartments (e.g., tissue and

blood) were assumed to have a negligible effect on S’Full due to the use of centric phase
encoding with elliptical ordering which ensured that most signal was collected before
significant exchange occurs. This assumption will be discussed later.
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|VLV| measurements for the two gases were compared for the entire rat cohort at
the two PTr settings by comparing absolute percent differences (%difference = 100*|[ab]|/[a+b] where a and b are volumes obtained using each gas) in order to assess accuracy
between the two gases within the syringe and for each rat. Percent errors were compared
between rat and phantom measurements to assess precision. A Pearsons correlation
coefficient was obtained based on a linear least squares regression with zero-intercept of
the 3He versus the

129

Xe |VLV| values (Matlab, Mathworks, Natick MA). For each rat,

global lung compliance (CL) was estimated for each gas from the slopes of the |VLV|
values plotted against average PTr during a breath-hold, based on linear least-squares
fitting (Matlab, Mathworks, Natick MA).

2.2.7

Measurement of T2*, ADC and T1

In order to account for differences in transverse relaxation times for 3He and 129Xe in the
lung parenchyma and trachea at 3 T, mean T2* values were measured from free-induction
decays (FID) obtained from the parenchyma of a representative rat lung (T2*parenchyma)
and from a simulated trachea (T2*trachea) respectively. In order to obtain an FID of the
lung parenchyma only for T2*parenchyma measurement, diffusion gradients with b-values of
8.9 cm/s2 for 3He and 14 cm/s2 for 129Xe were applied to de-phase the signal in the major
airways compared to the lung parenchyma based on the higher ADC in the airways. T2*
estimates were obtained after application of an inverse Laplace transform to the FID data
to obtain T2* distributions, from which T2*parenchyma for each gas was extracted. Since the
above method eliminated the signal from the major airways, T2*trachea for both gases was
estimated from FID data obtained from a simulated trachea consisting of plastic tubing of
diameter 200 µm surrounded by water.
129

Xe ADC was mapped using two interleaved acquisitions (TE = 7.1 ms, TR = 15

ms, BW 8 kHz) with and without diffusion-sensitizing gradients. The matrix size was
32x32 with a FOV of 5x5 cm2. The diffusion-sensitizing gradient pulse was applied in
the z-direction and had amplitude of 4.95 G/cm, rise/fall times of 500 µs, a duration of
1500 µs and a separation between bipolar lobes of 440 µs. The b-value for the pulse was
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12.08 cm/s2 with a diffusion time of 2.9 ms. ADCparenchyma was calculated on a pixel-bypixel basis using IDL (Exelis Visual Information Solutions, Boulder) after removing the
trachea and major airways by adjusting the cutoff of the ADC histogram.
A T1 map was obtained using a 2D two-echo sequence (TE/TR 14/2 ms, BW 2 kHz)
with a 9 second delay between acquisitions, a matrix size of 64x64 and a FOV of 5 cm2.
T1 values were calculated on a pixel-by-pixel basis as described previously (28).

2.3 Results
2.3.1

Phantom Volume Measurements

Figure 2-2 shows typical 3He and 129Xe images of the phantom obtained in the axial and
coronal planes.

Individual phantom measurements for each geometric volume are

presented in Table 2-1. For a geometric volume of 14.68 ± 0.16 mL, volumes of 13.45 ±
0.96 mL and 13.85 ± 1.50 mL were obtained for 3He and

129

Xe imaging respectively.

Similarly, for a geometric volume of 8.52 ± 0.06 mL, volumes of 8.25 ± 0.62 mL and
8.72 ± 0.42 mL were obtained for 3He and

129

Xe imaging respectively. The average

percent differences from three separate measurements (accuracy) were 3.7 ± 1.1 % and
1.4 ± 0.3 % for large and small volumes respectively.

The average percent error

(precision) from syringe measurements at both volumes were 7.36 ± 0.25 % and 7.8 ± 4.2
% for 3He and 129Xe respectively.
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Figure 2-2: Axial (top) and coronal (bottom) images of the phantom shown in Fig. 2-1, using
hyperpolarized 3He (left) and 129Xe (right). The arrows indicate the corresponding slices between the
two views. The volumes determined in this case were 13.45 ± 0.97 mL and 13.85 ± 1.49 mL for 3He
and 129Xe respectively.

58

Table 2-1: Gas volume measurements obtained from the phantom using 3He and 129Xe as well as the
geometric (calculated) volume for two different geometric volumes. The last row shows the mean gas
volumes (M) plus or minus one standard deviation (STD).

The percent differences between

measured volumes and geometric volumes were 1.4 ± 0.3 % and 4 ± 1 % for geometric volumes 8.52
mL and 14.68 mL respectively. The percent error for these measurements was 8 ± 3 %.

Geometric (mL)

8.52 ± 0.06

Geometric (mL)

14.68 ± 0.16

Measurement #

He (mL)

Xe (mL)

He (mL)

Xe (mL)

1

8.38

8.26

12.40

12.31

2

8.80

8.83

13.65

13.95

3

7.57

9.08

14.30

15.29

M +/- STD

8.25 ± 0.62

8.73 ± 0.42

13.45 ± 0.97

13.85 ± 1.49

2.3.2

129

Xe T2*, ADC and T1 Measurements

T2* distributions, an ADC map and a T1 map for the representative rat are shown in
Figure 2-3 to 2-5. T2*trachea was estimated to be 1.6 ± 0.1 ms and 2.77 ± 0.05 ms for 3He
and 129Xe respectively. T2*parenchyma was estimated to be 3.1 ± 0.2 ms and 4.9 ± 0.1 ms for
3

He and

129

Xe respectively. The shorter T2* values for the trachea are due to the use of

the insert gradient described in Methods. ADCparenchyma for 129Xe was estimated to be (30
± 13) x10-3 cm2/s. T1 was estimated to be 35 ± 16 s.
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Figure 2-3: T2* profiles, 129Xe ADC map and T1 map from a representative rat lung. T2* profiles for
the trachea and the lung parenchyma are shown with values of 2.77 ± 0.05 ms and 4.9 ± 0.1 ms
respectively.

Figure 2-4: Axial ADC map (32 x 32) used to determine the ADC values in the lung parenchyma
with an estimated value of (30 ± 13) x10-3 cm2/s.
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Figure 2-5: Coronal T1 map (64 x 64) with an estimated value of 35 ± 16 s.
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2.3.3

3

He and 129Xe VLV Measurements

Figure 2-6: Surface renderings of the 3D lung volumes obtained from rat #5 using hyperpolarized
3

He (left) and

129

Xe (right). The volumes obtained in this case were 5.54 ± 0.90 mL and 5.75 ± 0.47

mL at pressures of 13.43 ± 0.20 cmH2O and 13.79 ± 0.28 cmH2O respectively.

3D renderings of representative lungs (rat #5) obtained with both gases are shown in Fig.
2-6. A full compilation of volumes, pressures and percent differences between each gas
for each rat at the two pressures can be seen in Tables 2-2 and 2-3 respectively.
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Figure 2-7: |VLV| values obtained from the rat cohort using 3He and

129

Xe at approximately 14

cmH2O. Each point represents the mean |VLV| measured from three repeated measurements in an
individual rat and the error bars represent plus or minus one standard deviation. The solid line
represents the best linear least-squares fit to the data. A strong correlation is observed between
|VLV| measured using 3He versus

129

Xe (r = 0.977, p < 0.001). The spread in |VLV| for the same

pressure in different rats is likely due to biological variability.
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Figure 2-8: |VLV| values obtained from the rat cohort using 3He and

129

Xe at approximately 10

cmH2O. Each point represents the mean |VLV| measured from three repeated measurements in an
individual rat and the error bars represent plus or minus one standard deviation. The solid line
represents the best linear least-squares fit to the data. A strong correlation is observed between
|VLV| measured using 3He versus

129

Xe (r = 0.977, p < 0.001). The spread in |VLV| for the same

pressure in different rats is likely due to biological variability.

The mean |VLV| values obtained for the entire cohort were 6.58 ± 1.02 mL and 6.80 ±
1.39 mL for 3He and

129

Xe respectively at mean PTr values of 14.38 ± 1.89 cmH2O and

14.50 ± 1.82 cmH2O respectively. Similarly, mean |VLV| values of 4.74 ± 0.71 mL and
5.06 ± 0.76 mL were obtained at mean PTr values of 9.82 ± 1.24 cmH2O and 10.03 ± 0.41
cmH2O respectively. Figure 2-7 and 2-8 shows measured |VLV| values for each rat
obtained with both gases plotted against each other at each matched pressure. The slopes
were determined to be 0.95 ± 0.03 and 0.91 ± 0.04 respectively, with corresponding
Pearsons correlation coefficients of 0.9974 (p < 0.001) and 0.9970 (p < 0.001). The
average percent differences in volume between the two gases were 4 ± 3% and 5 ± 3%
for the two pressures.

The average percent errors for |VLV| measurements at

approximately 14 cmH2O were 6 ± 5 % and 4 ± 3 % for 3He and

129

Xe respectively.

Similarly, for 10 cmH2O, the average percent errors were 13 ± 9 % and 8 ± 3 %.
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Table 2-2: |VLV| obtained in all rats using 3He and 129Xe at average pressures of 14.38 ± 1.89 cmH2O
and 14.50 ± 1.82 cmH2O for 3He and 129Xe respectively. Results shown are mean values (M) plus or
minus one standard deviation (STD) from repeated measurements within each rat for each gas.
Mean percent difference for all rats was 4.05 ± 2.65 %.
Rat #

3

He (mL)

Pressure (cmH2O)

1

8.06 ± 0.80

12.88 ± 0.64

2

6.00 ± 0.62

3

129

Pressure (cmH2O)

V% Diff

9.14 ± 0.38

12.59 ± 0.26

6.28

18.02 ± 0.92

6.56 ± 0.28

17.92 ± 0.42

5.14

5.61 ± 0.72

13.18 ± 0.09

5.53 ± 0.25

14.63 ± 0.18

0.70

4

6.98 ± 0.74

14.69 ± 1.01

6.01 ± 0.12

13.64 ± 0.24

7.44

5

5.54 ± 0.90

13.43 ± 0.20

5.75 ± 0.47

13.79 ± 0.28

1.86

6

7.30 ± 0.36

14.07 ± 0.38

7.73 ± 0.02

14.44 ± 0.17

2.88

M +/- STD

6.58 ± 1.02

14.38 ± 1.89

6.81 ± 1.39

14.50 ± 1.82

4.05 ± 2.65
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Xe (mL)

Table 2-3: |VLV| obtained in all rats using 3He and 129Xe at average pressures of 9.82 ± 1.24 cmH2O
and 10.03 ± 0.41 cmH2O for 3He and 129Xe respectively. Results shown are mean values (M) plus or
minus one standard deviation (STD) from repeated measurements within each rat for each gas.
Mean percent difference for all rats was 4.56 ± 3.22 %.
Rat #

3

He (mL)

Pressure (cmH2O)

1

5.55 ± 0.60

8.34 ± 0.06

2

4.10 ± 0.40

3

129

Pressure (cmH2O)

V% Diff

5.95 ± 0.72

9.89 ± 0.98

3.49

11.74 ± 0.33

5.01 ± 0.78

10.80 ± 1.43

9.97

4.57 ± 1.13

10.36 ± 0.31

4.58 ± 0.47

9.87 ± 0.02

0.10

4

4.90± 0.56

8.60 ± 0.04

4.55 ± 0.28

9.64 ± 0.60

3.72

5

3.80 ± 0.31

9.86 ± 0.09

4.24 ± 0.52

9.88 ± 0.52

5.48

6

5.49 ± 0.51

10.02 ± 0.25

6.01 ± 0.15

10.15 ± 0.43

4.60

M +/- STD

4.74 ± 0.71

9.82 ± 1.24

5.06 ± 0.76

10.03 ± 0.41

4.56 ± 3.22

2.3.4

Xe (mL)

Lung Compliance

Figure 2-9 shows the |VLV| versus pressure plots for each rat obtained with both gases.
Mean whole-lung compliance, CL, values were determined to be 0.46 ± 0.12 mL/cmH2O
and 0.44 ± 0.19 mL/cmH2O for 3He and

129

Xe respectively. The mean CL values were

calculated over the entire cohort and the error bars represent plus or minus one standard
deviation. Each CL value for each rat and gas can be seen in Table 2-4. The average
percent difference between mean CL values measured with the two gases was 8.4 ± 5.4%.
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Figure 2-9: |VLV| as a function Ptr measured in all six rats using 3He and

129

Xe respectively. Each

data point represents the mean |VLV| for each rat. Error bars were omitted for clarity, however can
be seen in Fig. 2-7 and 2-8. Mean compliance values (CL) for all rats were 0.46 ± 0.12 and 0.44 ± 0.19
mL/cmH2O for 3He and 129Xe respectively.
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Table 2-4:

Lung compliance (CL) measurements for each rat obtained with each gas. CL was

calculated based on the slopes of the volume vs. pressure curves (Fig. 2-6) and the error bars
represent the associated uncertainty from the linear least squares fit. The last row represents the
mean (M) plus or minus one standard deviation (STD) for each column.
3

difference between CL obtained with He and

The mean percent

129

Xe was 8.46 ± 5.38 %.
129

3

Xe

He

Rat

(mL/cmH2O)

(mL/cmH2O)

V% Diff

1

0.62 ± 0.24

0.79 ± 0.20

11.92

2

0.48 ± 0.19

0.41 ± 0.21

7.28

3

0.26 ± 0.34

0.13 ± 0.56

4.40

4

0.52 ± 0.23

0.37 ± 0.08

17.39

5

0.44 ± 0.24

0.38 ± 0.18

7.08

6

0.45 ± 0.16

0.43 ± 0.04

2.71
8.46 ±

M +/- STD

0.46 ± 0.12

0.44 ± 0.19

5.38

2.4 Discussion
This study confirms that gas volume measurement using either 3He or 129Xe MR imaging
is both accurate (4 ± 1 % and 1.4 ± 0.3 % respectively) and precise (7.4 ± 0.3 % and 7.8 ±
4.2 % respectively) as demonstrated using a syringe phantom of known geometric
volume adjusted to simulate a range of lung volumes expected in vivo (7 mL to 14 mL).
Absolute ventilated lung volume (|VLV|) obtained with

129

Xe MR imaging was also

demonstrated to be accurate (4 ± 3 % and 5 ± 3%) and precise (9.2 ± 4.7 % and 6.1 ± 3.2
%) in a given rat, based on comparison with 3He MR imaging in an age-matched cohort
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of rats at two controlled and matched lung pressures. In one case (rat #2), the mean PTr
values were notably higher than intended. The |VLV| values obtained at these pressures
were still well matched as seen in Tables 2-2 and 2-3, though they contribute to a larger
uncertainty in the mean PTr values for the cohort. Despite the effort to include agematched animals with PTr matched measurements, these variations between rats likely
give an indication of the biological variability in this study. This is confirmed by the
measurements of lung compliance (CL) which were found, in general, to be different
between rats (discussed further below). Nevertheless, estimates of mean lung compliance
(CLHe = 0.46 ± 0.12 mL/cmH2O and CLXe = 0.44 ± 0.19 mL/cmH2O) were within the
range reported in previous work using a non-imaging technique (CL ranging between 0.3
and 0.9 mL/cmH2O (30)).
Measurements of lung volume in rodents have been performed previously (16,30)
using both imaging and non-imaging techniques. For PTr values of approximately 10
cmH2O and 14 cmH2O used in this study, pressure-matched absolute ventilated volumes
ranged between 3.8 ± 0.31 mL and 9.14 ± 0.38 mL respectively in male Sprague Dawley
rats of mass 387 ± 5 g. A similar range of volumes (5.27 mL and 8.10 mL) has
previously been reported for pressures ranging between 6 cmH2O and 12 cmH2O using a
similar 3He MR imaging approach (16) in Brown Norway rats of mass ranging between
210 and 259 g. Lai et al. measured TLC, pressure-volume (PV) curves (non-imaging)
and lung compliance in Sprague Dawley rats (30) similar to those used in this work. The
mean TLC reported in that study was 12.23 ± 0.55 mL at 25 cmH2O. PV curves were
obtained and plotted as %TLC versus pressure. Based on those reported results, expected
|VLV| values at PTr settings of 10 and 14 cmH2O used here should be approximately 7.2
mL and 9.6 mL respectively, which correspond well with the results presented here.
Several important physical differences between 3He and

129

Xe were explicitly

considered in this work in order to compare MR imaging measurements of gas volume,
including estimates of ADC and T2* values for the two gases in both the trachea and the
lung parenchyma. Further regional heterogeneity in ADC and T2* (e.g., small airways)
were not considered, though it is likely that improved results would be obtained by
incorporating complete ADC and T2* mapping. It was assumed that the significantly
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higher tissue solubility of xenon compared to helium did not contribute substantially to
129

Xe signal loss via gas exchange, however, could potentially lead to a reduction in lung

pressure. It was found previously with Xe-enhanced CT that the change in pressure
associated with xenon gas exchange has a negligible effect on measured lung volumes for
typical acquisition times of 4-6 seconds (16). A problem unique to 129Xe MR imaging is
the gas-phase signal reduction resulting from the loss of xenon through exchange. This
may result in reduced 129Xe signal intensities in the lung parenchyma which comprise the
majority of signal contributing to the measurement of lung volume. It has been reported
that only about 2% of inspired xenon dissolves into the tissue and blood (31). This
combined with the fact that only 26% (by volume) of the naturally abundant xenon gas
used in this study consisted of

129

Xe contributing to signal, likely explains why this was

not a measurable effect in this study. Furthermore, the use of centric phase encoding
with elliptical ordering ensured that most of the image signal was acquired near the
beginning of the breath-hold interval, further minimizing exchange effects. MR imaging
approaches using longer, sequential data acquisitions and enriched

129

Xe may need to

consider exchange effects.
The significant variability in |VLV| and CL between rats reported in this study may be
due largely to differences in underlying physiology during MR imaging. Typical scan
times for each rat necessitated mechanical ventilation for up to 3 hours, resulting in a
separation between measurements using either gas of up to 2 hours. Reductions in lung
compliance are known to occur following prolonged periods of mechanical ventilation
(32). To investigate this effect, rats with odd identification number were imaged with
129

Xe first and even numbered rats were imaged with 3He first. When 3He was used first

(rat #2, #4 and #6), a drop in compliance was observed with 129Xe, probably indicative of
injury by the ventilator. Specifically, in rats #1 and #4, a large decrease in compliance
was measured by the gas that was administered later in the study (i.e., ∆ 0.17
mL/cmH2O), leading to differences between |VLV| measured with

129

Xe and 3He. It is

recommended to consider the effects of ventilator-induced lung injury and make an effort
to reduce the use of mechanical ventilation, perhaps by faster imaging approaches,
especially when measuring lung mechanics (i.e., CL) using MR imaging with
3

He gas.

129

Xe and

Future measurements of CL should also be coupled with post mortem
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manometry as an independent measurement of lung compliance for comparison to those
obtained with 129Xe and 3He.
The implications of this work for clinical research include quantitative assessments of
anatomy and function with the possibility of using a single contrast agent sensitive to
numerous biomarkers within a study. 3He has proven to be a useful tool for the study of
structure (lung volumes and ADC) however, lacks the properties to probe the
mechanisms of gas exchange. With the ability to measure structure through densityweighted imaging using

129

Xe, it may be possible to achieve measurement of absolute

ventilated lung volumes in humans validated with 3He MR and CT (16). Volumetric
imaging combined with functional assessments of gas exchange such as the measurement
of gas transfer time constants, allow measurements of xenon diffusing capacity (33),
analogous to the diffusing capacity of carbon monoxide which is already a gold standard
clinical tool.

Finally, with the use of Dixon-based techniques for water and fat

separation, but applied between the gas and dissolved phase resonances, ventilationperfusion maps may be achievable within a single acquisition.
This work confirms that accurate and precise measurement of lung volume can be
achieved using hyperpolarized

129

Xe MR imaging, compared to a validated

hyperpolarized 3He MR imaging approach.

129

Xe is more abundant than 3He and

therefore represents a useful alternative for quantitative lung imaging. In addition, 129Xe
offers the possibility of measuring perfusion and gas exchange.
improvements in hyperpolarized

129

Anticipated

Xe production are expected to further contribute to

the wider-spread use of hyperpolarized gas MR imaging in future.

2.5 Conclusions
Absolute ventilated volumes (|VLV|) were measured using 3He and

129

Xe within a

syringe bead phantom as well as in-vivo at two different held pressures within the same
rat.

For measurements of volume within the same rat at two different held-breath

pressures, results obtained using each gas were accurate and precise, consistent with the
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accuracy and precision determined in a bead phantom. Lung compliance was estimated
and found to be within normal ranges for rats, however prolonged mechanical ventilation
may have the effect of changing compliance for long durations of mechanical ventilation.

72

References

1.

World-Health-Organization. World Health Statistics 2008. 2008.

2.

Dykstra BJ, Scanlon PD, Kester MM, Beck KC, Enright PL. Lung volumes in
4,774 patients with obstructive lung disease. Chest 1999;115(1):68-74.

3.

Anderson SD, McEvoy JD, Bianco S. Changes in lung volumes and airway
resistance after exercise in asthmatic subjects. Am Rev Respir Dis
1972;106(1):30-37.

4.

Rodenstein DO, Stanescu DC, Francis C. Demonstration of failure of body
plethysmography in airway obstruction. J Appl Physiol 1982;52(4):949-954.

5.

Stanescu DC, Rodenstein D, Cauberghs M, Van de Woestijne KP. Failure of body
plethysmography in bronchial asthma. J Appl Physiol 1982;52(4):939-948.

6.

Aaron SD, Dales RE, Cardinal P. How accurate is spirometry at predicting
restrictive pulmonary impairment? Chest 1999;115(3):869-873.

7.

Albert MS, Cates GD, Driehuys B, Happer W, Saam B, Springer CS, Jr., Wishnia
A. Biological magnetic resonance imaging using laser-polarized 129Xe. Nature
1994;370(6486):199-201.

8.

Yablonskiy DA, Sukstanskii AL, Leawoods JC, Gierada DS, Bretthorst GL,
Lefrak SS, Cooper JD, Conradi MS. Quantitative in vivo assessment of lung
microstructure at the alveolar level with hyperpolarized 3He diffusion MRI. Proc
Natl Acad Sci U S A 2002;99(5):3111-3116.

9.

Deninger AJ, Mansson S, Petersson JS, Pettersson G, Magnusson P, Svensson J,
Fridlund B, Hansson G, Erjefeldt I, Wollmer P, Golman K. Quantitative
measurement of regional lung ventilation using 3He MRI. Magn Reson Med
2002;48(2):223-232.

10.

Evans A, McCormack D, Ouriadov A, Etemad-Rezai R, Santyr G, Parraga G.
Anatomical distribution of 3He apparent diffusion coefficients in severe chronic
obstructive pulmonary disease. J Magn Reson Imaging 2007;26(6):1537-1547.

11.

Woodhouse N, Wild JM, Paley MN, Fichele S, Said Z, Swift AJ, van Beek EJ.
Combined helium-3/proton magnetic resonance imaging measurement of
ventilated lung volumes in smokers compared to never-smokers. J Magn Reson
Imaging 2005;21(4):365-369.

73

12.

de Lange EE, Altes TA, Patrie JT, Gaare JD, Knake JJ, Mugler JP, 3rd, PlattsMills TA. Evaluation of asthma with hyperpolarized helium-3 MRI: correlation
with clinical severity and spirometry. Chest 2006;130(4):1055-1062.

13.

McMahon CJ, Dodd JD, Hill C, Woodhouse N, Wild JM, Fichele S, Gallagher
CG, Skehan SJ, van Beek EJ, Masterson JB. Hyperpolarized 3helium magnetic
resonance ventilation imaging of the lung in cystic fibrosis: comparison with high
resolution CT and spirometry. Eur Radiol 2006;16(11):2483-2490.

14.

van Beek EJ, Hill C, Woodhouse N, Fichele S, Fleming S, Howe B, Bott S, Wild
JM, Taylor CJ. Assessment of lung disease in children with cystic fibrosis using
hyperpolarized 3-Helium MRI: comparison with Shwachman score, ChrispinNorman score and spirometry. Eur Radiol 2007;17(4):1018-1024.

15.

Peces-Barba G, Ruiz-Cabello J, Cremillieux Y, Rodriguez I, Dupuich D, Callot
V, Ortega M, Rubio Arbo ML, Cortijo M, Gonzalez-Mangado N. Helium-3 MRI
diffusion coefficient: correlation to morphometry in a model of mild emphysema.
Eur Respir J 2003;22(1):14-19.

16.

M. Reza Akhavan Sharif WWL, Alexei V. Ouriadov, David W. Holdsworth and
Giles E. Santyr. Comparison of hyperpolarized 3He MRI rat lung volume
measurement with micro-computed tomography. NMR Biomed 2010(33):359367.

17.

Santyr GE, Lam WW, Ouriadov A. Rapid and efficient mapping of regional
ventilation in the rat lung using hyperpolarized 3He with Flip Angle Variation for
Offset of RF and Relaxation (FAVOR). Magn Reson Med 2008;59(6):1304-1310.

18.

Hersman FW, Ruset IC, Ketel S, Muradian I, Covrig SD, Distelbrink J, Porter W,
Watt D, Ketel J, Brackett J, Hope A, Patz S. Large production system for
hyperpolarized 129Xe for human lung imaging studies. Acad Radiol
2008;15(6):683-692.

19.

Kaushik SS, Cleveland ZI, Cofer GP, Metz G, Beaver D, Nouls J, Kraft M,
Auffermann W, Wolber J, McAdams HP, Driehuys B. Diffusion-weighted
hyperpolarized (129)Xe MRI in healthy volunteers and subjects with chronic
obstructive pulmonary disease. Magn Reson Med 2010.

20.

Driehuys B, Cofer GP, Pollaro J, Mackel JB, Hedlund LW, Johnson GA. Imaging
alveolar-capillary gas transfer using hyperpolarized 129Xe MRI. Proc Natl Acad
Sci U S A 2006;103(48):18278-18283.

21.

Cleveland ZI, Cofer GP, Metz G, Beaver D, Nouls J, Kaushik SS, Kraft M,
Wolber J, Kelly KT, McAdams HP, Driehuys B. Hyperpolarized Xe MR imaging
of alveolar gas uptake in humans. PLoS One 2010;5(8):e12192.

22.

Mugler JP, 3rd, Altes TA, Ruset IC, Dregely IM, Mata JF, Miller GW, Ketel S,
Ketel J, Hersman FW, Ruppert K. Simultaneous magnetic resonance imaging of

74

ventilation distribution and gas uptake in the human lung using hyperpolarized
xenon-129. Proc Natl Acad Sci U S A 2010;107(50):21707-21712.
23.

Mansson S, Wolber J, Driehuys B, Wollmer P, Golman K. Characterization of
diffusing capacity and perfusion of the rat lung in a lipopolysaccaride disease
model using hyperpolarized 129Xe. Magn Reson Med 2003;50(6):1170-1179.

24.

Moller HE, Chen XJ, Saam B, Hagspiel KD, Johnson GA, Altes TA, de Lange
EE, Kauczor HU. MRI of the lungs using hyperpolarized noble gases. Magn
Reson Med 2002;47(6):1029-1051.

25.

Santyr GE, Lam WW, Parra-Robles JM, Taves TM, Ouriadov AV.
Hyperpolarized noble gas magnetic resonance imaging of the animal lung:
Approaches and applications. Journal of Applied Physics 2009;105(10):1-13.

26.

Dominguez-Viquera W. P-RJ, Fox M.S. et al. Variable Field Strength System for
Hyperpolarized Noble Gas MR Imaging of Rodent Lungs. Magn Reson Eng
2008;33B(2):124-137.

27.

Foster-Gareau P, Heyn C, Alejski A, Rutt BK. Imaging single mammalian cells
with a 1.5 T clinical MRI scanner. Magn Reson Med 2003;49(5):968-971.

28.

Ouriadov AV, Lam WW, Santyr GE. Rapid 3-D mapping of hyperpolarized 3He
spin-lattice relaxation times using variable flip angle gradient echo imaging with
application to alveolar oxygen partial pressure measurement in rat lungs.
MAGMA 2009;22(5):309-318.

29.

Chen XJ, Moller HE, Chawla MS, Cofer GP, Driehuys B, Hedlund LW, Johnson
GA. Spatially resolved measurements of hyperpolarized gas properties in the lung
in vivo. Part I: diffusion coefficient. Magn Reson Med 1999;42(4):721-728.

30.

Lai YL, Hildebrandt J. Respiratory mechanics in the anesthetized rat. J Appl
Physiol 1978;45(2):255-260.

31.

Ruppert K, Brookeman JR, Hagspiel KD, Driehuys B, Mugler JP, 3rd. NMR of
hyperpolarized (129)Xe in the canine chest: spectral dynamics during a breathhold. NMR Biomed 2000;13(4):220-228.

32.

Maruscak AA, Vockeroth DW, Girardi B, Sheikh T, Possmayer F, Lewis JF,
Veldhuizen RA. Alterations to surfactant precede physiological deterioration
during high tidal volume ventilation. Am J Physiol Lung Cell Mol Physiol
2008;294(5):L974-983.

33.

Abdeen N, Cross A, Cron G, White S, Rand T, Miller D, Santyr G. Measurement
of xenon diffusing capacity in the rat lung by hyperpolarized 129Xe MRI and
dynamic spectroscopy in a single breath-hold. Magn Reson Med 2006;56(2):255264.

75

76

Chapter 3

3

Detection of Radiation-induced Lung Injury in Rats
Using Dynamic Hyperpolarized 129Xe Magnetic
Resonance Spectroscopy

3.1 Introduction
Radiation-induced lung injury (RILI) is a common side effect of thoracic radiation
therapy (RT), typically for treatment of lung cancer. RILI can lead to temporary or
permanent loss of lung function and, in extreme cases, death (1). The lung is one of the
most radiosensitive organs in the body, and also exhibits regional sensitivity (2,3). The
three most important parameters dictating the degree of the injury are the volume of lung
tissue irradiated, the total dose of radiation and the method by which it is administered
(e.g., dose rate and fraction) (4). The time course of the injury begins with the onset of
radiation pneumonitis (RP), typically occuring between 4 and 12 weeks post irradiation
and characterized by cough, fever and shortness of breath. Following RP, fibrosis can
develop between 6 and 24 months post irradiation, leading to reductions in lung
compliance (stiffening of the tissue) and lung volume (1,2,5). In animal models of RILI,
it has been shown that RP manifests as increases in levels of inflammatory cytokines such
as tumor necrosis factor alpha (TNF-α), and interleukin 1 and 6 (IL-1, IL-6) (6), as well
as drops in arterial oxygen partial pressure (paO2) (7,8).
Imaging assessment of RILI is typically carried out using x-ray and computed
tomography (CT) methods, which can reveal changes in anatomy (e.g., lung density),
however usually not before physical symptoms manifest (4). In a previous study using
CT, RILI was detected in roughly 75% of patients undergoing RT no earlier than 4 weeks
post RT (9). The patterns RP produces on CT images are accepted as “ground glass
opacity” which typically manifest a few weeks post RT. These patterns are further
complicated due to the advent of novel radiation treatment technologies, such as
conformal therapy, where the beam paths enter the body with various trajectories which
can change the distribution of these opacities for radiologists making diagnosis more
difficult (10). X-ray imaging methods are insensitive to functional changes associated
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with early RP such as gas exchange, perfusion and ventilation which may show changes
well before anatomical changes occur. Through the use of nuclear medicine techniques
such as SPECT and PET, functional information can be obtained (11), however, at
limited spatial resolutions.
In contrast to x-ray methods, magnetic resonance (MR) imaging provides a nonionizing imaging approach for probing lung anatomy and function which may be
particularly well suited for tracking the progression of RILI.

Conventional MR

approaches aimed towards detection of RILI have been performed previously through the
measurement of regional perfusion (12) and the T2 relaxation times of lung tissues (13).
Most recently, hyperpolarized noble gas (3He and 129Xe) MR imaging methods have been
developed for mapping ventilation and apparent diffusion coefficients (ADC) in chronic
obstructive pulmonary disease (COPD) (14-16), asthma (17) and cystic fibrosis (18,19),
as well as in animal models of lung disease (20-22).

3

He ADC decreases have been

reported in a rat model of RILI consisting of fractionated delivery of 40 Gy to the right
lung, corresponding to regions of fibrosis (23).

3

He ventilation and ADC changes have

been reported in humans post radiation therapy (24) which may be useful for RT planning
(25,26). Unfortunately, 3He is an exceedingly rare isotope which will likely limit its
wide-spead use as a clinical tool.

129

Xe is more abundant and can provide similar

information as 3He, as well as measurements of lung function, including perfusion and
gas exchange (27) which may be particularly relevant for RILI.
Albert et al. first demonstrated the use of hyperpolarized
spaces of excised mouse lungs (28).

129

129

Xe for imaging the gas

Xe ventilation and ADC maps are useful for

detecting changes in lung anatomy and function (29,30). The higher solubility of xenon
(Ostwald solubility coefficients of 0.17 and 0.0085 in blood (31) for xenon and helium
respectively) is an advantage over 3He for exploring tissue compartments beyond the
lung.

129

Xe has distinctly different chemical shifts when dissolved in tissue

compartments compared to the gas phase, specifically lung tissue and red blood cells
(RBC). These differences can be used to measure xenon gas transfer into the lung tissue
and into the blood. The utility of imaging

129

Xe dissolved in tissue and blood has been

reported by Sakai et al. in rats (32) and Mugler et al. in humans (33). The transfer of
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xenon between gas and dissolved compartments in the canine chest has also been
reported (34). Several dynamic

129

Xe spectroscopic approaches have been developed to

measure xenon gas transfer in both humans and animals, including chemically selective
saturation recovery (CSSR) (35), magnetization transfer contrast (XTC) (36), xenon
alveolar capillary transfer (XACT) (37) and most recently multiple exchange time
contrast (MXTC) (30). In particular, CSSR resolves the tissue and RBC dissolved phases
directly as a function of the characteristic delay time τ, allowing measurement of
compartment-specific gas transfer time constants TTr_tissue and TTr_RBC which may each be
sensitive to different lung pathological processes.
Theoretical models of xenon exchange measured with CSSR have also been proposed
in order to link 129Xe signal as a function of τ to the underlying physiology of gas transfer
in humans (38), rat models of inflammation using lipopolysacharride (39) and bleomycin
(37). Xenon diffusing capacity analogous to diffusing capacity of carbon monoxide can
also be measured using CSSR, and has been explored for assessment of inflammation due
to fungal infection (40). To our knowledge dynamic hyperpolarized

129

Xe spectroscopy

using CSSR has not yet been applied to a time course study of RILI, though may be well
suited for observing changes in gas transfer associated with RP inflammation. We
hypothesize that xenon transfer times will increase in RILI due to both vascular damage
as well as increases in the thickness of the blood gas barrier due to inflammation
associated with RP.
The purpose of this study was to measure xenon transfer times and blood oxygenation
changes as a function of time post-irradiation in a rat model of RILI.
hyperpolarized

129

Dynamic

Xe spectroscopy using the CSSR technique was used to obtain whole-

lung measurements of TTr_tissue and TTr_RBC in two groups of age-matched Sprague
Dawley rats at two and six weeks following thoracic irradiation respectively. A separate
age-matched cohort of rats served as a control group. The TTr_tissue and TTr_RBC values
were tested for correlation with each other. Measurements of arterial oxygen partial
pressure (paO2), obtained by blood gas analysis from the irradiated groups were compared
to those obtained from a representative control group. The implications of xenon gas
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transfer measurements for detecting RILI are discussed as well as the extension of these
methods to imaging and human studies.

3.2 Methods
3.2.1

Pilot Irradiations

All procedures followed animal care protocols approved by the University of Western
Ontario Animal Care and Veterinary Services (ACVS) and were consistent with
procedures recommended by the Canadian Council on Animal Care (CCAC). A pilot
study involving eight rats was used to assess the appropriate whole lung radiation dose
using doses of 12 Gy and 18 Gy. The irradiation details can be found in section 3.2.4.
Two rats received 18 Gy and were euthanized due to radiation-induced illness in less than
six weeks. The remaining six rats received 12 Gy and showed no signs of illness at six
weeks. 14 Gy was chosen as a compromise in order to allow animals to be imaged six
weeks after being irradiated.

3.2.2

Hyperpolarized Gas Preparation

Hyperpolarized

129

Xe was polarized to levels in excess of 20% using a custom-made,

continuous-flow polarizer employing the method of spin-exchange optical pumping (41).
The flowing gas mixture consisted of 1% natural abundance xenon (26%

129

nitrogen and 89% helium by volume (Air Liquide, Montreal QC).

Xe), 10%

Following

hyperpolarization, the natural abundance xenon was separated from the other gas
constituents by passing the mixture through a glass cryo-trap submerged within an
insulated liquid nitrogen (LN2) bath (i.e., 77 K) in the presence of a 3000 G magnetic
field provided by a permanent magnet. Typical collection times of 70 min at a flow rate
of 0.6 L/min yielded up to 350 mL of frozen xenon which was then sublimated (in less
than 10 s) by immersion in a bath of boiling water. The expanded xenon gas was
captured in a Tedlar bag (Jensen Inert Coral Springs, CA) previously rinsed with nitrogen
and vacuumed (0.05 Torr) three times to remove any residual oxygen which would lead
to faster relaxation of the hyperpolarized gas. The final polarization of the
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129

Xe was

estimated to be approximately 16% post thaw as determined by comparison of the
hyperpolarized signal with the thermal equilibrium signal of the same gas sample in
separate calibration experiments.

3.2.3

Animal Preparation

Eighteen age-matched Sprague Dawley rats were divided into three groups: (i) control
animals (392 ± 12 g), (ii) two weeks post irradiation (336 ± 44 g) and (iii) six weeks post
irradiation (430 ± 41 g). The masses were determined at the time of the MR studies.

(i) Preparation for Irradiations

Rats undergoing irradiations were initially anesthetized using 5% isofluorane (Abbot
Laboratories, St. Laurent, Canada) at a flow rate of 0.8 L/min provided by an induction
chamber (Vet-Equip, Pleasanton CA) until a suitable depth of anesthesia was reached.
Rats were then transferred to a custom-made irradiation positioning box (Fig. 3-1).
During irradiation (~ 10 minutes), the concentration of isofluorane was reduced to 2%.
Following irradiation, the rats were returned to their cages to recover, and any changes in
physical condition (e.g., hair loss) or behavior were monitored.

(ii) Preparation for MR Studies
Rats undergoing imaging were initially anesthetized using isofluorane as described
above. Rats were then transferred to a nosecone where the isofluorane concentration was
reduced to 2% and a loading dose of ketamine hydrochloride was given at a dose of 50
mg/kg. A 26-gauge catheter (Abbocath-Hospira, Sligo Ireland ) was inserted into the
right tail vein to facilitate prolonged anesthesia by delivery of a mixture of propofol
(Astra Zeneca, Missisauga Canada) and ketamine (Bioniche, Belleville, Canada) at a ratio
of 10:1 using an infusion pump (Univentor, Zejtun Malta) with a delivery rate of 50
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mg/kg/hr. After a suitable plane of anesthesia was achieved, a large incision was made
across the neck in order to expose the right carotid artery. The artery was isolated and
cannulated with PE-50 tubing to allow access for arterial blood sampling. Prior to MR
measurements, a 0.75 mL blood sample was withdrawn and paO2, as well as paCO2 were
measured using a CG4+ iStat cartridge inserted into an iStat blood analyzer (Heska Corp,
Fort Collins, CO) while the animal was breathing room air without the use of a ventilator.
For ventilation, a 16-gauge catheter (Beckton Dickinson, Missisauga ON) was
inserted orally into the trachea and then secured to the cheeks of the rat using 2-0 silk
suture (Ethicon, Somerville USA). Surgical exposure of the trachea was then performed
in order to secure the trachea to the catheter and create a tight seal between the lung and
mechanical ventilator. Three loops of 2-0 silk suture were used to secure the trachea to
the catheter using square knots. The exposed tissue was then closed, and the rat was
attached to an MR-compatible mechanical ventilator (GEHC, Malmo Sweden) and
placed supine within the MR imaging system. Following the MR study, rats were
euthanized by an overdose of Euthanyl (1.0 mL 1:1 saline and sodium pentobarbital).

3.2.4

Irradiations

Irradiations were carried out using a 60C source having a dose rate of 196 ± 1 cGy/min.
The rats were positioned using a positioning system and confining box which rested 11
cm above the calibration level. Figure 3-1 shows the irradiation setup. The irradiation
field was confined to the rat thorax by using a lead collimator consisting of a 4 cm
diameter circular aperture.

The lead collimator was positioned on the face of the

irradiator and the confining box was placed at 11 cm above the face by four rods.
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Figure 3-1:

Rat irradiation setup. An acrylic box is attached to an isofluorane vaporizer and

positioned above a 60Co source with a dose rate of roughly 196 ± 1 cGy/min (a). Once the animal is
placed in the holder, the 4 cm circular portal is centered on the animal thorax as seen in the top view
(b).

In order to evenly irradiate the whole lung of the rat with a 14 Gy exposure, the rat was
initially irradiated with 7 Gy in the supine position and then flipped 180 degrees axially
for a second 7 Gy exposure in the prone position. These positions placed the lungs at
distances of 11 cm (prone) and 14 cm (supine) from the calibration level due to the
geometry of the confining box. The exposure times were adjusted for these differences in
height. Animals were then housed in cages for either two or six weeks before MR
measurements. The six week time point was expected to capture the onset of RILI, since
radiation pneumonitis is expected to manifest four to twelve weeks following irradiation.
The two week time point was chosen to investigate the ability of MR to detect early (subclinical) changes due to RP.

3.2.5

Ventilation

Ventilation was carried out using an MR-compatible, pneumatically-driven mechanical
ventilator (GEHC, Malmo Sweden) complete with in-line pressure transducers (Sensor
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Technics, Pucheim, Germany) and tidal volume sensors. When not performing MR
measurements, the rats were ventilated with either medical air or 100% oxygen using the
following parameters: breathing rate of 60 breaths per min, inspiration-expiration ratios
of unity, pressures between 8-12 cmH2O and tidal volumes consistent with the rate of 8
mL per kg of rat mass. The choice to ventilate using medical air or 100% oxygen was
determined based on the state of the animals health which was visually monitored from
skin colour (i.e., cyanosis) by a trained veterinary technician. For the case that O2 was
used (animal health dependent), a washout using twenty breaths of medical air preimaging was required before ventilating with contrast gas to ensure animal health.

129

Xe

was delivered using Tedlar bags that were confined within a pressurized reservoir,
connected to the ventilator with a flow restrictor of inner diameter 0.16” in-line and kept
within the magnet bore. Ventilation parameters were three breaths for

129

Xe at a rate of

30 breaths per min for tidal volumes of 5 mL at peak pressures between 10 and 12
cmH2O.
It is important to point out that

129

Xe transfer times could be affected by long

experiment durations potentially caused by mechanical ventilation. In a small pilot
experiment (n = 3), transfer times for healthy animals were measured at 10, 30 and 60
minutes after being placed on the ventilator. It was only observed that TTr_tissue measured
60 minutes (56 ± 10 ms) following the start of mechanical ventilation were significantly
increased (p < 0.05) compared to those measured at 10 min (38 ± 5 ms), potentially
altering the transfer times measured under conditions of RILI. For this reason, transfer
times for the rat cohorts in this study were measured within 20 minutes following the
start of ventilation to ensure that changes observed were due to RILI rather than
mechanical ventilation damage.

3.2.6

MR Spectroscopy

MR spectrosocopy was performed using a 3T MR imaging system (MR750, GEHC,
Waukesha, WI). A rat-sized bird-cage RF coil tuned to the 129Xe frequency (35.3 MHz)
was used. A chemical shift saturation recovery (CSSR) pulse sequence was used (40).
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Characteristic delay times (τ) of 0.76, 6, 12, 21, 27, 36, 42, 51, 75, 201, 501, 1001, 2001,
and 3001 ms were used. Further sequence details can be found in the Appendix, section
A-3. The signals measured were detected in whole-body fashion within a single breathhold of hyperpolarized

129

Xe gas. The spectroscopic signal was sampled using 2048

points at a bandwidth of 8 kHz, enough to fit both the dissolved and gas phase resonances
within the same spectrum. Following three pre-breaths of hyperpolarized

129

Xe, data

acquisition was initiated during a 7 second breath-hold interval, after a delay of 2.5
seconds to allow the gas pressure in the lung to reach equilibrium. Each of these
measurements produced a series of spectra which were repeated six times following an
interval between repetitions of approximately 1 minute to restore animal health and avoid
unwanted additional anaesthesia effects.

3.2.7

Analysis

Re-phased sets of spectra were averaged together, followed by the application of an
exponential filter function and Fourier transformation. The integrated spectrum for one
full-width at half maximum was taken to represent the signal. Only dissolved phase
resonances with SNR values of 5 or greater for all τ values were included (38,42).
Signals as a function of τ for the tissue and RBC signals were fitted using a non-linear
least squares fitting method (fminsearch.m, Matlab, Mathworks, Natick, MA) with the
following analytical expression (39), to extract TTr_tissue and TTr_RBC respectively:

S (t ) = S0 (1 − exp(−t / TTr )) + S1t

[3.1]

where, S0, S1 are fitting parameters. Strict data inclusion criteria based on chi-squared
goodness of fit tests (p > 0.05) were observed. All groups were compared using analysis
of variance (ANOVA) in one-way fashion using Graphpad Prism followed by a
Bonferoni test between groups. Blood gas analysis (i.e., paO2 and paCO2) results were
analyzed similarly. A Pearson’s correlation analysis was performed between TTr_Tissue
and TTr_RBC within each group to identify significant correlations.
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3.3 Results
3.3.1

MR Spectroscopy

Figures 3-2 and 3-3 show representative CSSR curves from control and two-week data
respectively. A one-way ANOVA showed significance (p < 0.05). A full summary for
TTr_tissue and TTr_RBC for all rats can be seen in Tables 3-1 and 3-2 respectively. Transfer
times listed represent the mean from multiple experiments (n=5), plus or minus one
standard deviation. Mean TTr_tissue and TTr_RBC values were 37.18 ± 4.83 ms and 45.89 ±
10.02 ms respectively for the control group, 51.58 ± 6.81 ms and 42.34 ± 13.73 ms
respectively for the two-week group, and 35.57 ± 9.56 ms and 40.67 ± 9.45 ms
respectively for the six-week group. Post-hoc t-tests revealed that TTr_tissue in the twoweek group was statistically significantly different than the control group (p < 0.05).
Figure 3-4 shows a comparison of TTr_tissue and TTr_RBC for all three groups. TTr_tissue was
shown to be strongly correlated with TTr_RBC for the control group (r = 0.9601, p < 0.05)
however, TTr_tissue and TTr_RBC were not found to be correlated for either irradiated groups.

Figure 3-2: Representative CSSR curve from rat #5 (control). Data points represent the mean plus
or minus one standard deviation from repeated signal measurements. TTr_tissue and TTr_RBC derived
from this fit were 35.17 ± 1.48 ms and 57.24 ± 0.72 ms respectively.
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Figure 3-3: Representative CSSR curve from rat #9 (two weeks post-irradiation). Data points
represent the mean values and the error bars denote plus or minus one standard deviation from
repeated signal measurements. TTr_tissue and TTr_RBC derived from this fit were 54.86 ± 1.26 ms and
38.92 ± 0.33 ms respectively.

*

Figure 3-4: TTr_tissue and TTr_RBC transfer times for all animal groups. The height of the bars denotes
the mean transfer time from all rats for each group, and the error bars represent plus or minus one
standard deviation. * denotes a significant difference(p < 0.05) compared to the control group.
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Table 3-1: Shown here are TTr_tissue for all animals. Uncertainties in the transfer times are estimated
from the non-linear least squares fitting algorithm using the confidence intervals of the chi-squared
distribution in parameter space. The last row are the mean values (M) plus or minus one standard
deviation (STD) for each column. Rats 7, 12, 16 and 17 were removed from the analysis on the basis
of poor fitting using chi-squared testing between the predicted model parameters and the data (p <
0.05).

Untreated

Treated

Treated

Two Week

Six Week

Rat

TTr_tissue (ms)

Rat

TTr_tissue (ms)

Rat

TTr_tissue (ms)

1

32.43 ± 1.35

8

57.61 ± 0.77

13

37.78 ± 1.63

2

45.04 ± 0.36

9

54.86 ± 1.26

14

47.23 ± 2.10

4

38.13 ± 1.31

10

41.99 ± 0.45

15

32.92 ± 0.67

5

35.17 ± 1.48

11

51.86 ± 0.86

18

24.35 ± 0.54

6

35.14 ± 1.81

M ± STD

37.18 ± 4.83

51.58 ± 6.81
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35.57 ± 9.56

Table 3-2: Shown here are TTr_RBC for all animals. Uncertainties in the transfer times are estimated
from the non-linear least squares fitting algorithm. The last row are the mean values (M) plus or
minus one standard deviation (STD) for each column. Rats 7 and 12 were removed from the analysis
on the basis of poor fitting (p < 0.05).

Untreated

3.3.2

Treated

Treated

Two Week

Six Week

Rat

TTr_RBC (ms)

Rat

TTr_RBC (ms)

Rat

TTr_RBC (ms)

1

57.27 ± 0.64

8

24.77 ± 0.19

13

51.02 ± 1.24

2

33.68 ± 0.05

9

38.92 ± 0.33

14

48.51 ± 1.93

3

38.36 ± 0.62

10

49.34 ± 0.44

15

39.55 ± 0.31

4

40.31 ± 0.48

11

56.35 ± 0.27

16

38.95 ± 0.28

5

57.24 ± 0.71

17

41.83 ± 0.48

6

48.47 ± 1.20

18

24.16 ± 0.36

M ± STD

45.89 ± 10.02

42.34 ± 13.73

40.67 ± 9.45

Blood Gas Analysis

Figure 3-5 shows the mean paO2 values for each group of rats. Animals in the two-week
group had a mean paO2 value of 54.2 ± 12.3 mmHg compared to 66.3 ± 6.6 mmHg in the
six-week group. In a separate age-matched group of five control animals (i.e., not the
control animals in which MR spectroscopy was performed), mean paO2 was measured to
be 85.0 ± 10.0 mmHg. Following an ANOVA and Bonferoni test, paO2 values within the
two-week group were found to be significantly different compared to the representative
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control group. paCO2 values for each group were not significantly different. The mean
paCO2 values plus or minus one standard deviation were as follows: 47.38 ± 9.54 mmHg
within the representative control group, 54.2 ± 12.3 mmHg for the two-week group and
61.86 ± 6.93 mmHg from the six-week group.

*

Figure 3-5: paO2 for representative control animals and all irradiated animal groups. The height of
the bars denotes the mean paO2 from all rats for each group and the error bars represent plus or
minus one standard deviation. * denotes a significant difference (p < 0.05) compared to the control
group.

Following application of an ANOVA followed by subsequent post-hoc t-tests, mean paO2
in the two-week group was found to be statistically significantly different than that in the
control group (p < 0.05). There were no significant differences found between control
and two week groups compared to the six week group.
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3.3.3

Rat Observations

A discolouration and scruffiness of hair having a circular pattern both on the stomach and
back was observed in the irradiated rats, consistent with where the rats were positioned
relative to the radiation beam.

3.4 Discussion
This study reports whole-lung gas transfer times for both 129Xe dissolved in the tissue and
RBC phases of rat lungs irradiated with 14 Gy to the whole lung, as well as in control rats
where radiation was not applied. TTr_tissue was determined to be significantly elevated two
weeks post-irradiation with values of 51.58 ± 6.81 ms at two weeks compared to 37.18 ±
4.83 ms for controls (p < 0.05). TTr_RBC was not significantly different between any of
the groups. Arterial oxygen partial pressure (paO2) was found to be significantly reduced
at two weeks post-irradiation compared to representative controls with values of 54.2 ±
12.3 mmHg and 85.0 ± 10.0 mmHg respectively (p < 0.05) consistent with RILI. paCO2
was not significantly different between groups. When paO2 and TTr_tissue are measured
within the same rat, we expect the observed drop in paO2 to correlate well with increases
in TTr_tissue. TTr_tissue was strongly correlated with TTr_RBC within the control group (r =
0.9601, p < 0.05) however, was found to be uncorrelated within the irradiated groups.
Transfer times derived using the Mansson model are related to the approach to
equilibrium of the concentration of xenon dissolved within the tissue and RBC
compartments in the lung. Transfer times are useful in characterizing systems where the
underlying compartments can change size or density.

In combination with fitting

parameters S0 and S1 (Eqn 3.1), which are part of the Mansson model, transfer times can
be used to estimate the septal thickness of the tissue and capillary barriers. In the lung,
septal thickness is known to change as a function of ventilation volume, however these
changes are small (43). Under conditions of lung inflammation, transfer times would be
expected to increase as the diffusion length increases due to septal thickness increases
caused by interstitial edema which acts to thicken the alveolar septa. The increases in
TTr_tissue observed at two weeks post-irradiation in this study are likely due to
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inflammation associated with radiation pneumonitis (RP), however the apparent return of
TTr_tissue values to normal levels at six weeks post-irradiation is an unexpected finding,
given that RP is known to persist up to 12 weeks. This may be a consequence of the
particular rodent model of RILI used in this work.
The results of this study may reflect the presence of inflammation as early as two
weeks post irradiation, which is observed to subside at six weeks, though not
significantly (p > 0.05). The elevated TTr_tissue measured at two weeks may be due to
edema and/or thickening of the gas-tissue barrier (i.e., alveolar wall) known to occur in
other models of inflammation (40). Although vascular damage was expected, and to be
reflected by changes observed in TTr_RBC, no significant difference was observed between
the irradiated groups and with the control group. This could mean that this particular
method of irradiation (i.e., energy, dose and dose rate) did not result in significant
vascular damage. Alternatively, the lack of significant change, combined with the lack of
correlation between TTr_tissue and TTr_RBC in the irradiated groups may suggest a
heterogeneity of pathology which is undetectable using a whole-lung measurement.
Both, the Mansson model, as well as the measured significant correlation between
TTr_tissue and TTr_RBC in the control group (r = 0.8601) suggest a similar trend should be
observed in the other groups. Furthermore, TTr values for both tissue and RBC in a few
rats from irradiated groups were removed from the final analysis on the basis of poor
fitting (p < 0.05) despite meeting SNR thresholds. This information combined with the
loss of correlation between TTr_Tissue and TTr_RBC in the irradiated groups may indicate that
the Mansson model has some shortcomings which need to be addressed when used to
analyze this disease model. Imaging combined with histology and bronchial alveolar
lavage (BAL) would be helpful in future investigations of RILI in order to confirm the
presence of inflammatory cells and localization of septal wall thickening, and/or edema
both of which may be responsible for the observed increases in TTr_tissue and helpful in
explaining the remaining questions involving the unexpected results.
The imaging protocol used in this study, did not employ slice selection and is a whole
body spectroscopic technique. Therefore, the measured tissue and RBC signals represent
the entire dissolved hyperpolarized signal detectable in the rat and may represent not only
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the lung parenchyma and blood confined within the lung capillaries, but
organs as well. As the delay times become longer,

129

129

Xe in other

Xe dissolved in blood is carried

away from the lung due to pulmonary flow where it would then be expected to transfer
into other organs such as the kidney, liver, heart and brain.

Detection of these

downstream signals depends on both transit time and T1 in the blood and target organs.
For example, it takes an estimated 4 seconds before 129Xe is expected to contribute signal
from within the brain (44). As a result, for long τ values, a contribution to the tissue
signal originating in non-lung tissue might be possible. However, these contributions
from other organs would not likely contribute to changes in TTr_tissue associated with RILI.
Furthermore, since most of the interesting signal dynamics that contribute significantly to
transfer times occur on timescales less than 1 second, these contributions are assumed to
be negligible. Using a pulse sequence which is sensitive to only the lung by applying
slice selective gradients (i.e., imaging) would be beneficial in the future for confirming
these assumptions. By removing contributions from non-lung signals, TTr_tissue may prove
to be more sensitive to septal changes within this model than is currently presented.
The CSSR method was able to detect whole-lung differences in

129

Xe tissue transfer

times at two weeks post-irradiation, earlier than when differences would be detectable by
CT. Further studies using this technique may be able to detect transfer time differences
caused by changing absolute dose, volume of irradiated lung tissue as well as dose rate
and fractionation. Future studies may also include those investigating the administration
of anti-radiation drugs before any observed changes or after to determine their
reversibility. A recent paper involving the investigation of treatments to mitigate toxicity
post irradiation (intentional or not) revealed that the use of both of bactericidal
permeability-increasing protein (BPI) together with antibiotics given within 24 hours of
exposure, reduced the death rates of mice but when applied separately death was
significant (45). A pilot experiment involving our usual irradiation protocol followed by
the administration of BPI and antibiotics within 24 hours of exposure may cause the
elevated TTr described in Chapter 3 to remain close to baseline levels.
Through improvements of polarization techniques, as well as the use of xenon
enriched with

129

Xe, this technique should be translatable to measurement of transfer
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times in humans before, during and after radiation therapy. With enough SNR, this could
potentially be done regionally, producing TTr maps with higher sensitivity, which would
aid in therapy planning or add the potential for interfraction dose correction to spare lung
tissue exhibiting symptoms of gasexchange impairment. Using the Mansson model,
along with measured SNRs after a known saturation time, the ability to produce these TTr
maps can be estimated. With higher polarizations in excess of 40%, it is predicted that
exchange times as short as 10 ms could be probed with enough SNR to produce TTr maps
with a modest resolution of 0.6 mm2. Extension of this measurement to humans would
require more sophisticated techniques in order to achieve even higher polarizations,
administer wash-out breaths and utilize

129

Xe magnetization rapidly with multichannel

parallel arrays. Combination of transfer time imaging with other imaging methods and
modalities such as volumetric imaging and introduction of 13C pyruvate as an endogenous
metabolic contrast agent, measurement of xenon diffusing capacity, ventilation/perfusion
mapping and maps of metabolism are possible.

3.5 Conclusions
Whole-lung tissue transfer times for

129

Xe (TTr_tissue) can be used to detect radiation-

induced lung injury (RILI) in a rat model involving 14 Gy thoracic
early as two weeks post-irradiation.
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Chapter 4

4

A Novel Intubation Technique for Minimally Invasive
Longitudinal Studies of Rat Lungs Using Hyperpolarized
3
He Magnetic Resonance Imaging

4.1 Introduction
Chronic respiratory diseases (CRD) including chronic obstructive pulmonary disease
(COPD), emphysema, asthma and lung fibrosis are the fourth largest contributors to
mortality worldwide and are expected to account for one third of all deaths by 2030 (1).
MRI following administration of hyperpolarized noble gases (HNG), namely helium-3
and xenon-129 hereafter referred to as 3He and

129

Xe, has been shown to be sensitive to

changes in the lung caused by disease in humans (2). Furthermore, HNG can provide
quantitative anatomical and functional information within the lungs of ventilated rodents
such as ventilation and ventilated volume, perfusion, apparent diffusion coefficients and
diffusing capacity (3), including rodent models of emphysema (4) and asthma (5) as well
as lung injury due to bleomycin (6), radiation-induced lung injury (RILI) (7) and gastric
aspiration (GA) (8).
Typically, special MRI-compatible ventilators are used in conjunction with
intubation to ensure consistent and timely HNG breath-holds in rodents; however, this
limits the method to end-point studies requiring larger numbers of animals due to the
need for surgery to ensure an air-tight seal between the endotracheal (ET) tube and the
trachea. An air-tight seal prevents the interaction of molecular oxygen with the HNGs
which would otherwise destroy the observable MRI signal due to T1 relaxation.
Furthermore, an air-tight seal allows precise control of lung pressure and volume which
are important for quantitative measurements of apparent diffusion coefficient (ADC),
absolute ventilated lung volume (|VLV|) (9) and diffusing capacity of xenon (DXe)
(10,11). Typically this is achieved using a combination of the well known Seldinger
technique (12) followed be a surgical tracheotomy, involving exposure of the trachea and
the securing of ligatures (3) around the trachea containing the ET tube.
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Unfortunately, these invasive surgical methods require euthanization of the
animal at the completion of the imaging study. A less invasive technique that could
replace such surgical interventions would allow the trachea of the animal to heal and
thereby permit the study of the time course of lung diseases in an individual rodent. This
would allow the individual rodent to serve as its own control, eliminating variability
arising between different animals within a cohort. More importantly, fewer animals
would be required. Ultimately, the ability to measure changes in a given animal will
prove helpful for understanding human diseases.
In this work, a Foley catheter with an inflatable cuff near the tip is modified into
an endotracheal tube and used for ventilation and breath-holds using a mechanical
ventilator in rats. Tracheal pressure is measured and used to assess the quality of breathhold with the Foley catheter compared to a conventional tracheotomy technique. Rats
were studied both immediately following extubation of the Foley catheter and six days
after in an end-point fashion to measure the healing of the trachea over time. Microscopy
was performed on tracheal sections obtained from rats intubated using the Foley catheter
to assess safety and repeatability. It is also demonstrated that the Foley catheter can be
used to perform breath-hold MRI using hyperpolarized 3He in a representative rat lung.

4.2 Methods
4.2.1

Endotracheal Tube

Figure 4-1 shows the two-way catheter used in this study. A standard paediatric Foley
catheter (Rusch, Teleflex Medical, Kamunting, Malaysia) was modified to permit rodent
intubations and minimize dead space.
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Figure 4-1: a) Photograph of the Foley catheter with inflatable cuff near the tip. Arrows indicate the
region of the catheter where the cuff resides. b) The deflated cuff at the end of the catheter. c) The
cuff inflated to a maximum volume of 1.5 mL for effect. A volume of 0.4 mL was used during the
study. d) The two-way end has been modified to allow coupling with a tubing system to control the
inflation of the cuff.

The two-way catheter possessed two parallel airways to facilitate gas delivery through the
tube and to expand the cuff respectively. Modifications included shortening of the
ventilator attachment port as well as tapering and dulling the catheter tip to resemble a
standard ET tube. The catheter had an inner diameter of the airway lumen of 2 mm (6 Fr)
and had a total length of 30 cm. The total inflatable volume of the cuff was 1.5 mL. To
ensure controlled expansion of the cuff, the inflation port was fixed with a 3-way
stopcock (Smiths Medical, Markham, Canada) and sealed to prevent any leaks. This end
was then connected to a system of Tygon tubing (Saint Gobain, North America) shown in
Figure 4-2, consisting of a pressure gauge (Winters, Toronto, Canada), 10 mL syringe
(Beckton Dickinson, Mississauga, Canada) and infusion pump (Univentor, Zejtun,
Malta). The lines were filled with water and connected to an infusion pump to deliver
precise volumes of water to the cuff both quickly (i.e., less than one second) and reliably.
This speed ensured animal survival due to the comparative size between the inner
diameter of the trachea (2.6 – 2.7 mm) and largest outer diameter of the Foley catheter
(2.3 mm) which would otherwise occlude the airway.
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Figure 4-2: Experimental setup including rat, Foley catheter, inflation apparatus and mechanical
ventilator. After intubation, the cuff of the Foley catheter was quickly expanded within less than 1
second by 0.4 mL of water delivered by a syringe pump connected by a series of tubing. An in-line
pressure gauge prevented over-pressuring the trachea and the cuff by inflating to pressures no
greater than 4 psig. The Foley catheter was connected to a mechanical ventilator to facilitate
ventilation of the animal while under anesthesia and tracheal pressure (PTr) was monitored with an
in-line pressure transducer.

4.2.2

Animal Preparation

All procedures followed animal care protocols approved by the University of Western
Ontario Animal Care and Veterinary Services (ACVS) and were conducted in accordance
within the guidelines of the Canadian Council on Animal Care (CCAC). Six Sprague
Dawley rats (400 ± 30 g) were used in this study, three in the standard group and three in
the Foley catheter group. Seven additional rats were also used with four rats added to the
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Foley catheter group (n = 7 total) and three rats comprising a new group for which the
Foley catheter was introduced and removed without the use of mechanical ventilation.
The rats were anesthetized by infusion of a mixture of propofol (Astra Zeneca,
Mississauga, Canada) and ketamine (Bioniche, Belleville, Canada) (10:1) via the tail vein
at rates between 2.0 and 2.4 ml/hr using a drug-delivery pump as described above. Three
rats were prepared using the Seldinger technique followed by tracheotomy (hereafter
referred to as the standard method) (9,13) and the remaining rats were intubated with the
Foley catheter described above. The standard method of intubation consisted of insertion
of a 14-16 gauge IV (Beckton Dickinson, Mississauga, Canada) catheter of length 5-6 cm
into the trachea followed by tracheal exposure and securing of three ligatures around the
trachea using 0 silk suture material (Ethicon, Somerville, USA). The ET tube was then
attached directly to a small animal custom ventilator (GEHC, Malmo, Sweden)
compatible with HNG-MRI (13). Insertion of the Foley catheter required no surgery.
The Foley catheter cuff was inflated using the assembly described above (Fig. 4-2). The
insertion length was measured to be equivalent to the length of a standard IV catheter and
inserted orally, up to the manibrium of the rat. The syringe pump was set to deliver 0.4
mL of water to the cuff in less than 1 second. It was observed that the cuff volume was
not able to hold pressure when inflated using air for periods longer than twenty minutes.
This is likely due to repeated use and porosity of the cuff which also introduces cuff
asymmetry requiring replacement of the catheter. To overcome this limitation, expansion
was achieved using water which did not leak from the cuff, maintaining the cuff volume
indefinitely. During ventilation maneuvers, if free breathing was apparent (e.g., gasping)
then a dose of 1mg/kg of pancuronium bromide (Sandoz, Quebec, Canada) was
administered to allow the ventilator to completely control the animal’s respiration. Three
additional rats were intubated using the Foley catheter and recovered for histological
assessment after six days of recovery to compare to the first group. Three tracheas were
also excised from similar rats (650 ± 50 g) to serve as controls for comparison between
uncatheterized trachea, trachea intubated using the standard method and trachea intubated
by the Foley catheter.
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4.2.3

Ventilation

Ventilation was carried out in a manner described previously (9,13). Animals were
ventilated with pure oxygen at a rate of 20 breaths per minute with a tidal volume of
approximately 8 mL/kg based on the mass of the rat. The inspiration-expiration ratio
(I/E) was adjusted between 0.4 and 0.6 to facilitate proper tidal volume delivery, as well
as to allow time for passive exhalation. Oxygen was provided by the ventilator from an
air cylinder and regulated down to a range between 12 and 16 cmH2O. To simulate
hyperpolarized noble gas breath-holds, Tedlar bags (Jensen Inert, Coral Springs, USA)
filled with 4He placed inside a gas delivery reservoir were pressurized to 15 cmH2O to
deliver gas at the same rates and tidal volumes as above for 10 second durations which
were consistent with the time scales of typical lung MRI acquisitions (9).

3

He was

delivered in an identical fashion during the imaging experiment.

4.2.4

Quality of Breath-Hold

Breath-hold quality was assessed by measuring tracheal pressure (PTr) vs. time during a
10 second breath-hold using an inline pressure transducer (Sensor Technics, Puchheim,
Germany) (Fig. 4-2), following five wash-out breaths of 4He for both standard and Foley
catheter methods. These washout breaths were necessary to remove residual oxygen
from the lung which would otherwise be taken up by the blood and affect the PTr
measurements. PTr values were recorded as a function of time at a rate of ten samples per
second for the entire breath-hold duration and repeated five times for each animal. The
animal was ventilated with pure oxygen between breath-hold measurements for a
duration of 5 minutes to maintain normal physiological conditions, as assessed by
manually monitoring heart rate and checking for signs of cyanosis.

4.2.5

Recovery and Histological Review

Recovery was assessed by histological examination of animals undergoing Foley catheter
intubation only. Six animals were divided into two groups of three (n = 3) representing
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day 0 and 6 following extubation. Animals were intubated and ventilated using the Foley
catheter in a manner similar to the breath-hold experiments above but for a duration of
one hour while under anesthesia to simulate the typical length of time that the catheter
would be in place during an imaging experiment. After one hour, propofol anesthesia
was switched to saline and the animal was allowed to recover. Animals were ventilated
with pure oxygen until signs of free breathing and alertness were apparent. At this point,
the cuff of the catheter was deflated and extubated from the animal. A pure oxygen
nosecone was used for the remainder of the recovery. Animals were then euthanized or
returned to cages for a period of six days. At the conclusion of day 0 and 6, animals were
anesthetized and euthanized using direct injection of sodium pentobarbital (BimedaMTC, Cambridge, Canada) at a dose of 0.5 mL using the cardiac puncture technique.
The trachea of each rat was carefully extracted and fixed in 10% buffered formalin for at
least 24 hours. Each trachea was then sectioned 16 times in order to have an adequate
sampling along the length of the trachea and then H&E stained and transferred to a
veterinary pathologist for analysis. For comparison, three control trachea and three
trachea intubated with the standard method were excised, fixed and graded following the
analysis described below.

4.2.6

3

He Imaging

To demonstrate image quality using the Foley catheter, 3He MRI in a single rat (442 g)
was performed at 3.0 T (Discovery MR750, GE Healthcare, Waukesha, USA) using a
transmit-receive bird-cage coil (Morris Instruments, Ottawa, Canada) tuned to the 3He
resonance (97.3 MHz) and a high performance insert gradient coil (G = 17 G/cm, slew
rate = 1500 mT/m/s) described previously (14). Single-slice 2D images were obtained in
the coronal plane using a fast 2D gradient-echo method (TE = 0.5 ms, TR = 2.4 ms, 128 x
128, FOV = 5 cm2, bandwidth = 31.3 kHz). In order to minimize signal variations and
image artefacts due to the RF depolarization, RF pulses were applied with a variable flip
angle trajectory. Three breaths of 3He were administered by the mechanical ventilator
prior to initiating a breath-hold. The PTr vs. time curves were used to determine when to
acquire images after waiting 2.5 seconds post airway occlusion. 3He gas was polarized to
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levels in excess of 40% using a spin-exchange optical pumping system (Helispin®, GE
Healthcare, Durham, NC) (3).

4.2.7

Analysis

To assess quality of breath-hold, slopes of the PTr vs. time curves during a breath-hold
were determined using linear least squares fitting for time-points starting at 2.5 seconds
post airway occlusion for ten seconds where slight changes in pressure were assumed to
be caused only by leaks and not animal respiratory motion. Slopes corresponding to the
breath-hold regions were calculated for each data set and averaged for each rat as an
indication of the leakage rate. Average PTr and pressure drops during the breath-hold
were also quantified. A two-tailed unpaired t-test was applied to the leak rates obtained
from both methods using Matlab (Matlab, Natick, USA) to determine significant
differences. Although an acceptable leak rate is not stated in the literature, a total change
of less than 10% over a breath-hold no greater than 4 seconds was considered acceptable,
as this has been reported to minimize errors in volumetric imaging using 3He MRI and
xenon-CT (9).

That work demonstrated that for a 2 second breath-hold at typical

inflation pressures (10-14 cmH2O) for which 3-D 3He imaging can be performed, leak
rates between 0.5 and 0.7 cmH2O are tolerable and therefore were used as an upper limit
threshold for the leak rate performance using both intubation methods in this work. The
obtained leak rates were then compared to this upper limit to determine if they were
acceptable in producing the required breath-holds for imaging. In this study, breath-holds
were chosen to be 10 seconds, typical for imaging.
The degree of tracheal healing was assessed quantitatively using a histological
grading scale as determined by a veterinary pathologist. After determining the range of
damage from a few representative data sets, a scale between 0 and 3 was chosen. The
grading scale corresponded to the amount of denuded respiratory epithelium normally
present on the mucosal surface area of the trachea. A grade of 0 corresponded to no
normal trachea mucosa with no pathological loss of epithelial cells.

Grades 1-3

correspond to mild, moderate and severe damage equating to losses of 25-50%, 50-75%
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and 75-100% of denuded epithelium respectively. The remaining sets of slides were
randomized and analyzed using this scale. A grade of 0 after 6 days post extubation was
interpreted as full healing of the trachea.
The signal-to-noise ratio (SNR) was calculated from the acquired image by using
the mean signal within the left lobe divided by the standard deviation of the noise. This
SNR value was used to assess image quality using the Foley catheter, by comparing to
SNR values of images acquired previously using the standard method.

4.3 Results
4.3.1

Quality of Breath-Hold

A representative Foley catheter breath-hold curve is shown in Figure 4-3. Results are
mean plus or minus one standard deviation calculated from five repeated breath-holds
within the same animal. The leak rates measured were -0.16 ± 0.05 cmH2O/s and -0.20 ±
0.03 cmH2O/s for the standard method and the Foley catheter respectively. These leak
rates are well below the upper limit leak rates of 0.5 and 0.7 cmH2O. A two-tailed, unpaired t-test produces a p-value of 0.3194 at the 95% confidence interval indicating that
these rates are not statistically significantly different. Average tracheal pressures during
a breath-hold were measured to be 10.8 ± 0.8 cmH2O and 6.7 ± 0.4 cmH2O for the
standard method and Foley catheter respectively. Breath-hold end pressure drops were
12 ± 3 % and 22 ± 4 % respectively which are directly related to the leak rates during 10
seconds. A full listing of these results can be seen in Tables 4-1 and 4-2.
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Figure 4-3:

Tracheal pressure (PTr) vs. time depicting the entire prescribed breath hold in a

representative rat with the Foley catheter in place. Data are mean, plus or minus one standard
deviation. Linear least squares fitting (red line) was performed for the interval between 4 and 14
seconds in order to estimate both the leak rate of gas from the trachea as well as the average tracheal
pressure for the duration of the breath-hold. The dashed line represents the mean held-breath
pressure during the imaging period of 4 to 14 seconds.
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Table 4-1:

Leak rates from three rats prepared using the standard method which were not

significantly different (p = 0.3194) compared to the Foley catheter. Average pressures, pressure
percentage drops and leak rates are tabulated and their mean and standard deviations calculated for
each. The uncertainties in pressure were determined from the digital pressure transducer and the
uncertainties in leak rates were determined from linear least squares fitting.
Standard Method
Rat

Average Pressure ± 0.1 cmH2O

Drop %

Leak Rate ± 0.01 cmH2O/s

1

10.4

14

-0.19

2

11.8

12

-0.18

3

10.3

8

-0.11

Mean

10.8

12

-0.16

Std

0.8

3

0.05
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Table 4-2: Leak rates from three rats prepared using the Foley catheter which were not significantly
different (p = 0.3194) when compared to the standard method.

Average pressures, pressure

percentage drops and leak rates are tabulated and their mean and standard deviations calculated for
each. The uncertainties in pressure were determined from the digital pressure transducer and the
uncertainties in leak rates were determined from linear least squares fitting.
Foley
Rat

Average Pressure ± 0.1 cmH2O

Drop %

Leak Rate ± 0.01 cmH2O/s

1

6.5

26

-0.24

2

6.4

22

-0.19

3

7.3

19

-0.18

Mean

6.7

22

-0.20

Std

0.5

4

0.03

4.3.2

Histology and Survivability

Figure 4-4 shows micrographs at 5x and 40x magnification of the trachea from three
representative rats depicting normal tracheal sections from a control animal (4-4a and 44d), and sections from a rat prepared using the Foley catheter at 0 days post extubation
(4-4b and 4-4e) and at 6 days post extubation (4-4c and 4-4f).
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Figure 4-4:

Photographs of sections of tracheal tissue.

Panel “a&d” depicts what a healthy

undamaged trachea, corresponding to a histological grading scale of 0.

Panel “b&e” shows a

tracheal section showing significant denuding of respiratory epithelium (arrows). This corresponds
to a histological grading scale of 3 and represents damage post extubation from one representative
section of animal trachea from the Foley catheter group. Panel “c&f” shows a tracheal section which
was intubated and extubated using the Foley catheter and allowed 6 days recovery time. The grading
scale for this image corresponds to a score of 0.

Average scores across each of the sixteen tracheal slices for each experimental group
(n=3 and n=3) were 2.3 ± 0.4, 1.4 ± 0.2 and 0 for the Foley catheter, standard method and
control groups respectively. A high degree of damage (i.e., values of 2 and 3) caused
either by pressure from the cuff or more likely, stripping of the respiratory epithelium
during extubation as determined by the grading scale can be seen in Fig. 4-4b and 4-4d
(arrows). The average grade score for rats surviving six days of recovery was 0. The
grading scale confirms that after about a week of recovery time (day 6) the animals were
fully healed (i.e., mean grade of 0 for respiratory epithelium) from the trauma and were
ready for imaging once again (Fig. 4-4c and 4-4f).
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4.3.3

Imaging

Figure 4-5 shows a 3He image that was obtained with the Foley catheter in place. The
image SNR was measured to be 260 in the lower left lobe of the lung. The SNR
measured is comparable to other 2D images acquired using the standard method after a
single breath of 3He with an SNR of 185 (13).

Figure 4-5: A 2D coronal MR image of a representative rat lung acquired using a breath-hold of
hyperpolarized

3

He with the Foley catheter in place and connected to a mechanical ventilator.

Acquisition parameters include, 128 x 128 matrix size, 5cm2 FOV and 3 wash-out breaths of
hyperpolarized 3He prior to imaging. The SNR of this image was 260.

4.4 Discussion
In this study it has been shown that the Foley catheter is capable of achieving a breathhold quality equivalent to that obtained using the standard method as is evidenced by the
slopes of the PTr vs. time curves (p = 0.3194) and percent drop during the stable regions
of the breath hold curves (Fig. 4-3). Figure 4-3 and Tables 4-1 and 4-2 confirm that the
Foley catheter is as effective at minimizing leakages during a breath-hold as the standard
method compared to the upper-limit leak rates of 0.5 and 0.7 cmH2O necessary in fast 3D
MRI of rats using 3He. For an imaging experiment involving 3D volumetric imaging
using MRI, a pressure drop of 10% or less is preferred during the imaging duration (9) .
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From the average leak rate in a Foley catheter setup, this is equivalent to a 10% drop over
a 4 second breath-hold. 3D volumetric imaging has been done for acquisition times as
low as 2 seconds (9) giving confidence that the leak rates observed using the Foley
catheter are acceptable for imaging and quantitative image analysis.
Histological data (Fig. 4-4) confirm that damage to the respiratory epithelium
caused by the Foley catheter technique is healed within 6 days as revealed by a
histological grade of 0. Though the degree of tracheal damage was greater using the
Foley catheter (2.3 ± 0.4 vs. 1.4 ± 0.2 points for the standard method), the surgical
damage caused by the standard method is non-recoverable. Furthermore, the Foley
catheter technique allowed successful recovery of a cohort of animals to the state of free
breathing after extubation, where they were monitored and subsequent histology was
performed 6 days later in order to characterize the physiological response to inflation of a
cuff in the trachea and its extubation. Histology showed a marked decrease in the degree
of tracheal damage present in the last day in comparison with the first day of recovery
(grade 2.3 ± 0.4 for first day compared to grade 0 for day 6). This indicates that the
animals are able to recover from this minor tracheal insult and could likely tolerate this
procedure on a weekly basis for imaging purposes to follow the time course of a disease
model by HNG-MRI.
The failure rate of animal recovery post extubation of the Foley catheter and
mechanical ventilation was high (6 of 7 animals). In order to decouple the causes of
death potentially caused by the Foley catheter and/or the ventilator, additional Foley
catheter experiments were performed independently of the ventilator. Three animals
were intubated using the Foley catheter for a short time and recovered since without a
ventilator it was not possible to maintain a one hour exposure to the inflated cuff. After 6
days, the animals were anesthetized and their tracheas extracted for histological review
using the grading scale described above. The degree of inflammation was shown to be
similar to the rat that survived the 6 day recovery post ventilation, all having grades of
zero. This implies that the combination of the Foley catheter used (i.e., high airway
resistance) with mechanical ventilation is not capable of life support for long periods of
time perhaps due to difficulty of carbon dioxide clearance. Though death did not occur
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during ventilation, this may imply that there is a maximum time limit for how long an
animal can sustain ventilation using these techniques without improvement to the
apparatus. An animal monitoring system to monitor heart rate and oxygen saturation
should be used during ventilation to better ensure animal health. Blood gas samples
collected before intubation and ventilation, during and post extubation will also aid in
monitoring animal health. 3He image quality with the Foley catheter was acceptable and
comparable to image quality previously demonstrated using the standard method.
With these results in mind, it is conceivable that the Foley catheter will be an
adequate replacement for the standard method and allow for longitudinal studies.
Furthermore, it serves as a simple replacement for researchers wishing to simplify their
techniques and avoid time consuming and/or risky surgery for end-point or longitudinal
studies. This technique need not be limited to HNG-MRI imaging studies. 4D CT, XeCT and PET imaging as well as physiology-based investigations could benefit from the
use of this minimally invasive intubation technique. Any animal experiments requiring
accurate control of pressure and volume in a longitudinal study such as quantitative
measurements of apparent diffusion coefficients, absolute ventilated lung volume and the
diffusing capacity of xenon could benefit from this technique.
Although the feasibility of the Foley catheter is demonstrated here, it is not
without its short-comings. The catheter is designed for single sterile use, however it is
used multiple times in this work after being cleaned but not autoclaved. The cuff was
initially piloted by inflating it using room air, however it was observed that for times
greater than twenty minutes, deflation occurred leading to sudden losses of breath-hold
quality.

Inflation using water maintained the volume and pressure of the cuff

indefinitely.

Also observed was that after repeated use, the cuff volume became

asymmetric and inflation did not occur uniformly. The catheter was replaced with a new
one when this occurred. Due to the long length and small airway diameter of the Foley
catheter, the ventilation parameters necessary to support life are less physiologically
relevant with breathing rates of 20 breaths per min and I/E’s less than 1.0 to allow
adequate passive exhalation time. It may be difficult to achieve large enough tidal
volumes in a short time period suitable for more exotic imaging schemes with HNG-
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MRI, where signal is proportional to the amount of gas supplied. To our knowledge, this
model of Foley catheter was the most suitable at the time of the study. A significant
shortening of the catheter from 30 cm to 6 cm may allow for more adequate gas delivery,
though this requires further investigation. This would have the effect of reducing airway
resistance in the dead space by a factor of five due to resistances linearity with length.
Though further improvements could be achieved by increasing the airways diameter, it
may reduce the application of this method due to the fact that the outer diameter is
already very close to the inner diameter of the trachea for the size of animals used (2.6 2.7 mm). Furthermore, the limiting dimension of the catheter occurs 11 mm from the tip
where the balloon resides. The cuff segment must be able to clear the vocal folds without
tearing them in either direction. This may be overcome by restricting its use to mature
animals only. Although animals as small as 250 grams have been successfully intubated
with this method it is suggested to use rats 400 g or larger to avoid damaging the vocal
folds.

4.5 Conclusions
A modified Foley catheter can serve as a suitable replacement for invasive surgery for
breath-hold ventilation and 3He MRI of the rat lung. The gas leakage rates observed
using the Foley technique (-0.20 ± 0.03 cmH2O / s) are equivalent to the leakage rates of
using the standard technique in rats (-0.16 ± 0.05 cmH2O /s) and are well below the
maximum allowable leak rates of 0.5 and 0.7 cmH2O for fast 3D 3He imaging of rat
lungs. Rats are fully recoverable after application of the Foley catheter and largely
healed after one week as confirmed by histology.

Though some denuding of the

respiratory epithelium results from the procedure, it is resolved by day 6 (i.e., grade of
zero). Once the high mortality rate associated with mechanical ventilation is solved, this
approach may allow longitudinal studies using HNG breath-hold MRI in individual
rodents in future, but most importantly, it may help reduce the total required number of
animals for a given study.
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Chapter 5

5

Discussion

In this work, new approaches using HNG-MRI have been investigated for use in studying
lung inflammation. A previously established 3He method used for assessment of |VLV|
was implemented using

129

Xe in six rats using both 3He and

129

Xe to validate the use of

129

xenon for volume quantification using MRI.

Xe |VLV| was found to be accurate and

precise when compared to 3He obtained results. A rat model of inflammation (RILI) was
adopted and used to quantify gas exchange impairment using xenon exchange transfer
times in three groups of rats. Increases in TTr_tissue were found to be significant at two
weeks compared to controls. A novel intubation technique designed to support animal
recovery post imaging was investigated due to the difficulty in studying rodent models of
lung injury longitudinally. The use of a Foley catheter provided quality breath-holds and
animals were recoverable post extubation. The remaining discussion provides additional
detail which is not in the journal versions of each chapter, as well as a hypothesis relating
TTr to ADC and |VLV| in a rat model of RILI and proposes possible avenues for future
work.

5.1

3

He and 129Xe VLV Comparison

Chapter 2 describes validation of the use of

129

Xe for measurement of |VLV| in rats for

different held pressures. In general, the method is capable of measuring |VLV| over a
relevant range of inflation pressures. This is important since subjects (animal or human)
have different TLC values, compliances and breathing abilities (ventilation) which can
further depend on disease conditions such as inflammation. Detection of these changes at
an early stage with MRI is important and may quantitatively reveal and locate volume
reductions contributing to reduced TLC due to compliance changes and gas trapping. An
added benefit to measuring these changes with 129Xe includes the potential to explore gas
exchange within the same imaging session.

Measurements of TTr_tissue and TTr_RBC

combined with |VLV| measurements obtained with
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129

Xe allow for the calculation of the

diffusing capacity of xenon (DXe) analogous to the diffusing capacity of carbon monoxide
(DLCO) (1). Translating measurement of |VLV| to clinical use should be possible if the
following two main problems can be resolved: 1) the contrast gas must be produced in
large quantities (~ 1-2 L) with high polarization and in a cost effective manner and 2)
adequate ventilation of lung spaces by the contrast gas must be achieved.
The solution to the first problem involves future reliance on

129

Xe for polarized

gas studies of the lung. 3He, has superior SNR due to γ, is costly (~ $750/L), has a very
low isotopic abundance and its main source of production comes from the radioactive
decay of tritium. Supplies are limited and unpredictable. At a recent meeting for the
Hyperpolarized Study Group (part of the International Society for Magnetic Resonance in
Medicine (ISMRM)) in Stockholm, 2010, a rationing system was introduced for a three
year plan to release 3He to researchers in response to recent supply problems. This came
with the provision that 3He be recycled after it is exhaled from a patient, purified and resold to preserve 3He quantities and stop increasing costs.

129

Xe on the other hand has a

natural abundance of ~ 26 % and can be extracted from air.

Supplies of natural

abundance xenon are less costly (~ $5/L - $20/L) in comparison to 3He and more
sustainable. The concentration of 129Xe can be elevated through enrichment, though this
increases the cost exponentially (~ $250/L for

129

Xe enriched to 83%) as a function of

enrichment. Although this work demonstrates that useful results can be obtained with
naturally abundant xenon, though some degree of enrichment may be necessary,
especially for clinical use to boost SNR.

These costs may be reduced with the

introduction of recycling programs similar to those already in use for 3He. Currently
available commercial systems include GE (2) and Xemed (3) polarizers which can
polarize the required amounts of xenon at polarizations greater than 20%.
Adequate ventilation of the lung is necessary for producing ventilation maps
(4,5). In the rodent case, the small TLC and TV values involved (10 to 12 mL and 3.5
mL respectively) combined with the use of a mechanical ventilator makes wash-out of air
relatively simple. For humans with TLC values of about 6 L and TV values of 0.5 L,
washout is significantly more difficult. The most sophisticated

129

Xe polarizer currently

commercially available is manufactured by Xemed. It is capable of polarizations in
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excess of 40 % in quantities of 2 L per hour. There is a 30-40 min cleaning cycle which
is required before a new batch can be produced. This sets an upper limit on the number
of possible wash-out breaths that can be achieved before imaging. Another limitation on
wash-out is imposed by the use of xenon itself. Xenon is a known anesthetic for humans
and animals (6-8). Current imaging protocols administer between 0.5 to 1.0 L of xenon
per breath, sometimes mixed with quantities of O2 and or air to maintain an O2
concentration of 21% per breath despite lung volume (9-12). With 2 L of polarized
xenon, three wash-outs can be achieved followed by a fourth breath and breath-hold
while keeping the overall concentration of xenon roughly 50% for a lung volume of 4 L.
Healthy patients may be able to perform the required breathing to achieve wash-out
however sick patients may not. A recent study evaluating the safety of inhaling 1 L
quantities of pure xenon together with 16 second breath-holds revealed that for volunteers
with mild and moderate COPD as well as healthy subjects, the procedure is well tolerated
(13). It remains to be demonstrated in humans that the level of wash-out described in
Chapter 2 using HNGs is adequate or necessary for determination of |VLV|.

5.2 Radiation-induced Lung Injury
There is renewed interest in the detection of RILI in recent years using 3He ADC
techniques (14-17). Chapter 3 discusses the use of 129Xe in the application of measuring
xenon transfer time constants TTr_tissue and TTr_RBC to a model of RILI. The model was
established based on guidance from researchers at the London Regional Cancer Program
(LRCP), Princess Margaret Hospital (PHM) which led to a pilot study investigating lethal
radiation doses within six weeks of exposure.

Further details can be found in the

Appendix section A-4. It was demonstrated that changes in TTr_tissue were detectable as
early as two weeks post irradiation. Using HNG-MRI, the aim is to detect changes in
function which may occur prior to structural changes (typically observed with CT).
Radiotherapy planning requires high resolution CT images in order to precisely prescribe
radiation dose profiles. If maps of lung function, specific to gas exchange were possible,
129

Xe transfer times could potentially be used to determine early onset of RP and the

information used in combination with CT to avoid further damage by redistribution of
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dose plans between fractions, try alternate therapies such as chemotherapy or administer
anti-radiation drugs to mitigate RP as described in Chapter 3.
In the current study, achievable polarizations were roughly 20% using natural
abundance

129

Xe. With this level of SNR, acquisition of TTr maps would be difficult

since all the available magnetization is used to provide temporal spectroscopic (i.e,
CSSR) information rather than regional information. Using the Mansson model along
with measured SNR values after a known saturation time from another study, the ability
to produce these TTr maps can be estimated. For a 2D image in a rat using an FOV of 5
cm2 with a matrix size of 64 x 64, an SNR value of 18 is observed in the dissolved phase.
This is obtained following 5 breaths of xenon, enriched to 87%

129

Xe with a measured

polarization of 7.5% followed by a 2 second breath-hold for a total exchange time of 4.5
seconds. Extrapolating backwards to very short τ values reveals that with this level of
enrichment and polarization, the magnetization accumulated from τ values less than 500
ms cannot be mapped spatially with sufficient SNR. However, with higher polarizations
in excess of 40%, it is predicted that τ values as short as 10 ms could be probed with
enough SNR to produce TTr maps of rat lungs with the same resolution as above.
Extension of this measurement to humans would require more sophisticated
techniques in order to achieve even higher polarizations, administer washout breaths
(similar to the problem described for |VLV|) and utilize 129Xe magnetization rapidly with
multichannel parallel arrays. Current clinical imaging exploring lung function with 129Xe
uses XTC (18) and MXTC (9) techniques which theoretically have higher SNR, however
lack the ability to resolve specific tissue and RBC compartments believed to reveal signs
of inflammation and vascular damage. In the current work, TTr_RBC was not sensitive to
changes occurring up to six weeks post irradiation. Perhaps using XTC and or MXTC for
future assessments of RILI at early time points (within six weeks of irradiation) may be
the method of choice for achieving the desired functional maps with sufficient SNR. The
potential for acquisition of direct TTr maps in humans exists, however has yet to be
demonstrated.

122

5.3 Foley Method of Rat Intubations
Chapter 4 describes the work in the development and validation of a novel intubation
technique for rats aimed at minimizing invasiveness and allowing for recovery after an
imaging session. This may obviate the need for surgery and thereby, make valuable
longitudinal imaging studies possible where the use of a mechanical ventilator is required
for precise control of ventilation parameters such as TV, BPM, Ptr. With the animal
serving as its own control, error propagation due to biological variability would be
reduced, however would require redesign of the Foley used in this study. The 30 cm
length causes the flow resistance to be high forcing breathing maneuvers to take place
over longer time durations (factor of 3 longer) in order to deliver adequate O2 and expel
CO2. An animal monitoring system would be useful for monitoring O2 saturation in real
time during regular breathing as well as during a breath-hold to confirm the expected gas
exchange via the ET tube.
Although comparison of the standard method with the Foley method for breathhold quality was relatively straight forward, assessment of survivability was not.
Initially, six out of seven animals did not survive post extubation of the Foley; posing a
grim statistic for use of the Foley catheter in future work. In order to decouple the Foley
from the suspected mechanical ventilator, a separate experiment was carried out using the
Foley for intubation only.

Though these experiments do not match the original

experimental design (due to removal of the 1 hour ventilation period) they show that
intubation, extubation and healing of the respiratory epithelium using the Foley is
possible with a 100% success rate. The causes of death for the six rats are unclear.
Using a new cohort of animals together with the inclusion of the one hour ventilation
period, an animal monitoring system and a protocol for collecting tissue and blood
samples, specifically from lung tissue and carotid arteries should provide enough
information to unravel the cause of death. It is possible that the dead-space of the
catheter may also be responsible. Quantification of the total ventilation dead-space
followed by experiments with varying tidal volume may also help to solve this problem.
Ventilating with a different model of ventilator (using volume cycling rather than
pressure cycling) may help solve this issue as well. Regular use of the Foley would
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require an explanation for the high mortality rate as well as an optimized version of the
catheter itself.

5.4 Future Work
5.4.1

The Relationship Between TTr, ADC and |VLV|

In a model of inflammation such as the RILI model described in Chapter 3, increases in
tissue capillary membrane permeability lead to infiltration of inflammatory cells and
pulmonary edema which may cause fluid to leak into the alveolar spaces (Fig. 1-4).
TTr_tissue is elevated under these conditions due to the increased septal thickening.
Combining |VLV| and ADC techniques may allow for changes in the alveolar spaces to
be measured. Under such a system, there are likely alveoli which are completely filled
with fluid, partially filled and fluid free. |VLV| is a single value representing the sum of
all alveolar volumes within a voxel (Eqn. 2-1). By using each corrected voxel before
summation in Eqn 2-1 and recasting the equation as:
n

| VLV |tot = ∑ | VAV |i

[5.1]

i =1

where |VAV|i is the volume of the alveolar space within voxel i corrected for partial
volume, the collection of |VAV|i form an alveolar volume map with their sum equal to
the |VLV| previously determined. Combined with ADC maps, it may be possible to
determine the degree of edema by segmenting full alveoli apart from partially filled
alveoli from completely filled alveoli devoid of signal entirely. The difference between
the two maps (after setting an ADC threshold for normal values) may provide an alveolar
map which may coincide with proposed TTr maps revealing regions of healthy and
obstructed lung septa. These relationships suggest that TTr and ADC should be anticorrelated where increases in TTr would be observed together with decreases in ADC.
Woods et al. demonstrated an inverse correlation between diffusivity (3He ADC) and
alveolar surface to volume ratio (SV) (19). Furthermore, increases in TTr related to
partial or complete filling of alveoli should correlate well with decreases in |VLV|i. An
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initial pilot study where

129

Xe ADC and TTr_tissue were measured within the same rats

using a RILI model suggests an inverse correlation between ADC and TTr, however a
more rigorous investigation is left as future work.

5.4.2

Animal Models of Inflammation

In this work, a model of RILI was used to create a global inflammatory response in the
lung. The next logical step is to use MR to investigate the response of the lung to
different radiation doses, irradiated volumes and dose fractionation methods. These three
parameters are directly related to the risk of developing radiation injury and death.
Specifying different irradiated volumes such as half lung (right or left lobe), basal or
apical sections as well as a single high dose ‘spot’ irradiations would be useful in
assessing the sensitivity of various

129

Xe imaging techniques such as |VLV|, TTr and

ADC.
The gastric aspiration model (GA) is another easily implemented model of
inflammation.

The GA model involves instillation of 0.1M HCl intratracheally to

simulate the acidic environment in the lung when the contents of the stomach are
expelled into the lung airspaces (20). Damage can be further exacerbated by mechanical
ventilation, a typical combination in the clinic for patients suffering from ARDS. The
degree of damage in the GA model can be controlled by choosing the amount of acid
between 0.5 and 2.0 mL / kg. The model evolves starting at the time of acid instillation
and changes occur over a two hour period. The heterogeneity of the acid instillation is
difficult to control and is typically spread evenly throughout the lung by manually
manipulating the animal.

Using more sophisticated techniques (perhaps using

fluoroscopy or OCT), a sufficiently small tube may be guided into specific lobes of the
lung allowing one to control the locality of the damage and later register this with
imaging. A recent GA study by Peterson el al. assessed lung density changes using CT
imaging in rats. During a two hour period, it was observed that peak inspiratory pressure
showed increases compared to baseline as early as ten minutes post instillation which
later plateau after ninety minutes. Lung density was also increased in animals receiving
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acid compared to saline. Assessing the changes caused in a GA model could also be
investigated using

129

Xe |VLV|, TTr and ADC measurements which may be sensitive to

inflammatory changes in lung volume, compliance and gas exchange efficiency.
Increased lung pressure for a constant TV as well as increases in tissue density in acid
treated rats imply changes in alveolar volume, compliance and gas exchange efficiency
which should cause measurable reductions in |VLV| and ADC and increases in TTr.

5.4.3

Longitudinal Studies using the Foley Method

Once a solution to the problems described above can be found, it is natural to use the
Foley for routine intubation of animals in longitudinal studies MRI studies with
hyperpolarized gases. The Foley is useful in studies such as the RILI model investigated
in Chapter 3. Each rat could then be imaged at baseline, irradiated and incubated with
imaging resuming at two and six weeks within the same animal. This would eliminate
any effects on mean paO2, TTr and others measurements due to biological differences
when comparing between time points but more importantly, reduce the overall numbers
of animals used in the study by a factor of three.
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Appendices
The appendices A1-4 are intended to provide supplemental information not mentioned
explicitly in the main chapters for which clarification of these topics could be useful to
the reader.
Appendix A-1: Malmo Mechanical Ventilator

An MR compatible mechanical ventilator was used extensively in this work. It is
referenced often in Chapters 2-4 and described in detail here (Fig. A-1).

Figure A-1: MR compatible mechanical ventilator.

Rodent ventilation and breath-holds were carried out using an MR and hyperpolarized
gas-compatible, pneumatically-driven mechanical ventilator (GEHC, Malmo Sweden).
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Ventilation was controlled and monitored using a computer beside the MR consol during
imaging. The pneumatic valves (PV-1-1134, Parker, Cleveland, OH) were driven by
compressed air applied at pressures between (15-18 psig). The pressurized reservoir was
supplied compressed air at pressures between 10-50 cmH2O yielding a range of possible
TV for contrast gases. Tracheal pressure (PTr) was monitored with an in-line pressure
transducer (Sensor Technics, Puchheim Germany) attached to the endotracheal tube. TV
was monitored with an inline flow-sensor (AWM3300, Honeywell, Golden Valley, MN).
When not imaging, the rats were ventilated with medical air (21% O2) with the following
ventilation parameters: breathing rate of 60 breaths/min, inspiration expiration ratios of
unity, mean PTr ranging between 10 and 14 cmH2O and tidal volumes of 8 mL per kg of
rat mass. Tedlar bags containing either 3He or

129

Xe were placed within a pressurized

reservoir, connected to the ventilator and kept within the magnet bore. 3He or 129Xe were
delivered using a breathing rate of 30 breaths per minute. Appropriate numbers of prebreaths of

3

He and

129

Xe were given respectively, prior to breath-hold imaging

measurements, to ensure sufficient and matched ventilation conditions.
The use of animal models sometimes required ventilation with pure O2 when not
imaging. Additional tubing between the medical air and O2 cylinders were brought
together with a stop-cock acting as a switch between gases. The tubing was sufficiently
long so that switching between gases could be done at the MR consol. The switch made it
possible to administer pre wash-out of pure O2 using medical air before applying the
usual wash-out with

129

Xe or 3He. This maintained animal health as well as adequate

SNR.
In order to precisely maintain held-breath pressure reproducibly between breaths
and between the use of gases with differing density, a pressure matching system was
developed. The system employed the use of flow restrictors (0.16” and 0.07” for

129

He

and 129Xe respectively) together with linear relationships between mean PTr and reservoir
pressure (Pres). On a rat per rat basis, mean PTr was measured as a function of reservoir
pressure for natural abundance xenon and 4He. Applying linear least squares fitting to PTr
vs. Pres data for each gas yielded linear relationship which can be used to calculate the Pres
that

matches

PTr

between

3

He
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and

129

Xe

during

imaging.
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Appendix A-2:

In this work,

129

Xe Continuous Flow Polarizer

Xe and 3He were polarized using the method of spin exchange optical

pumping described in section 1.9. The specific details are reiterated below together with
Fig. A-2.
Hyperpolarized

129

Xe was polarized to levels in excess of 20% using a custom-

made, continuous-flow polarizer employing the method of spin-exchange optical
pumping. A dual-diode 60 Watt laser (Coherent, Santa Clara, USA) was used as the
source of 794.8 nm light. 2 grams of the alkali metal Rb were heated and used as the
source of Rb vapour. The size of the glass cylindrical polarization cell was 9 cm in
length and 4 cm in diameter. The flowing gas mixture consisted of 1% natural abundance
xenon (26%

129

Xe), 10% nitrogen and 89% helium by volume (Air Liquide, Montreal

QC). Following hyperpolarization, the natural abundance xenon was separated from the
other gas constituents by passing the mixture through a glass cryo-trap submerged within
an insulated liquid nitrogen (LN2) bath (i.e., 77 K) in the presence of a 3000 G magnetic
field provided by a permanent magnet. Typical collection times of 70 min at a flow rate
of 0.6 L/min yielded up to 350 mL of frozen xenon which was then sublimated (in less
than 10 s) by immersion in a bath of boiling water. The expanded xenon gas was
captured in a Tedlar bag (Jensen Inert Coral Springs, CA) previously rinsed with nitrogen
and vacuumed (0.05 Torr) three times to remove any residual oxygen.

The final

polarization of the 129Xe was estimated to be approximately 16% post thaw as determined
by comparison of the hyperpolarized signal with the thermal equilibrium signal of the
same gas sample in separate calibration experiments.
Hyperpolarized 3He was polarized to levels in excess of 40% using a turn-key
polarizer (Helispin, GE Healthcare Durham NC) employing the method of spin-exchange
optical pumping with 99% 3He and 1% N2 (Spectra Gases, Stewartsville NJ). After
polarization, 3He was dispensed into 220 mL Tedlar (Jensen Inert, Coral Springs CA)
bags which were rinsed with N2 and vacuumed down to 0.05 Torr three times. The
polarization in the bag was measured using a polarimetry station (GE HealthCare,
Durham NC). The Tedlar bag was then brought to the bore of a 3 T MR imaging system
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(Discovery MR750, GE Healthcare, Waukesha WI) and placed inside a reservoir for
delivery of the gas to the animal during imaging using a hyperpolarized gas-compatible
mechanical ventilator (Appendix A-1).

Figure A-2:

Polarizers.

Shown here are the
3

129

Xe custom built continuous flow polarizer

(components 1-6) and the GE commercial He polarizer – Helispin (7).
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Appendix A-3: Chemically Selective Saturation Recovery Sequence

Chapter 1 describes the CSSR pulse sequence used exclusively in Chapter 4.

The

specific sequence parameters required to meet the experimental demands in Chapter 4 are
described here.
The CSSR pulse requires pre-calibration at the beginning of each study. The
actual sequence is shown in Fig. A-3. The center frequency was chosen to be between
the tissue (199 ppm) and RBC (212 ppm) resonances. It was determined that a pulse
width of 144 µs with 0.3 kW of power was necessary to produce maximal excitation on
resonance (e.g., between tissue and RBC phases) and to minimize excitation of the gas
phase roughly 7000 Hz downfield.

Simulations using a simple Bloch-Equation

experiment predicted the flip angle on the gas phase resonance to be about 1º. In a
separate experiment using a constant flip angle (CFA) technique it was shown that our
calibrated pulse produced a negligible excitation of 0.76º on the gas phase resonance.
Once the rats were positioned within the RF coil, tuning and matching were performed to
ensure maximal signal. The in vivo resonant frequency was calibrated to rest between the
tissue and blood dissolved phase resonances (199 and 212 ppm). Using a pulse width of
144 µs, the 90º pulse was confirmed by doubling the pulse width to minimize excitation
on the desired resonance by using a 180º pulse. Once calibrated, these settings were used
to produce the selective 90º pulses necessary for the CSSR sequence. Characteristic
delay times (τ) of 0.76, 0.76, 0.76, 6, 12, 21, 27, 36, 42, 51, 75, 201, 501, 1001, 2001, and
3001 ms were used, a total of 16 τ values. The spectroscopic signal was sampled using
2048 points at a bandwidth of 8 kHz, enough to fit both the dissolved and gas phase
resonances within the same spectrum.

Three pre-killers together with two dummy

acquisitions (e.g., the first two τ values equalling 0.76 ms) were used to ensure complete
desaturation of the dissolved phase.

Following three pre-breaths of xenon, data

acquisition was initiated during a 7 second breath-hold interval, after a delay of 2.5
seconds allowing for the gas pressure in the lung to reach equilibrium. Each of these
measurements produced a series of spectra. The experiment was repeated six times
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following an interval between repetitions (~ 1 minute) to restore animal health and avoid
unwanted additional anaesthesia effects.

Figure A-3: The Chemically Selective Saturation Recovery (CSSR) pulse sequence with killer pulses.
Three pre-killer pulses are applied before initiation of the τ value acquisition loop.
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Appendix A-4: Qualitative Histological Evidence of Inflammation in a RILI Model

This section provides qualitative histological evidence of inflammation in a RILI model
in rats. The following figures are obtained from pilot studies during the development of
the model.

Figures A-4-6 are obtained following bronchial alveolar lavage (BAL).

Figures A-7 and A-8 are obtained from slices of lung tissue. All slides were H&E
stained.
A dosing study was described in Chapter 3 as part of the development of this
model. Eight rats were used to assess the appropriate whole lung radiation using doses of
12 Gy and 18 Gy. Six rats received 12 Gy and two rats received 18 Gy. The rats were
then housed in a conventional animal barrier for observation for up to six weeks. Since
the initial study aimed at detecting RILI at early time points, two and six weeks were
chosen as time points appropriate for imaging. The pilot study was used to ensure that
rats would live long enough to be imaged and that a measurable effect was produced.
Rats were monitored on a regular basis aimed at detecting differences in behaviour and
visible signs of sickness. Rats that received 18 Gy were euthanized due to radiationinduced illness at five weeks. Rats that received 12 Gy showed no signs of illness at six
weeks. 14 Gy was chosen as a compromise in order to allow animals to be imaged six
weeks after being irradiated.
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Figure A-4:

Cell spatter slide obtained from a normal rat bronchial alveolar lavage (BAL).

Magnification is 10x.

Figure A-5: Cell splatter obtained two weeks after exposure to 12 Gy of radiation from a rat BAL
sample. Magnification is 10x.
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Figure A-6: A magnification of Fig. A-5 at 40x. Labeled are macrophages (M), foamy macrophages
(FM) and neutrophils (N) confirming an inflammatory response has occurred.

Figure A-7: Histology of the right lobe of lung tissue in a normal rat. Magnification is 40x. The
alveolar walls appear to have normal thickness and the interstitial spaces are not filled with fluid.
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Figure A-8: Histology of the right lobe of the lung in a rat irradiated with 14 Gy. The alveolar walls
are denser and filled with fluid as well they are more tightly packed together which may be indicative
of reduced lung volume.
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Appendix A-5: Animal Ethics Approval
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